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ABSTRACT 
Chlorine dioxide (ClO2) is a key chemical synthesised on-site to combat bacterial 
contamination in water. Current technology uses two or more liquid solutions brought together 
in a reactor followed by a separate stripper unit, using large volumes of air to remove ClO2 as 
soon as it is formed. However, a business need required by Scotmas Ltd, identified a role for a 
novel reactor/stripper unit to open potential markets in the Middle East and Asia. The reactor 
had to be capable of producing 1,000 tpy of 31% w/w sodium chlorite solute, a precursor to 
the ClO2 production stage. A range of traditional mass transfer technologies were used to 
investigate the potential for developing a process to produce the required sodium chlorite 
solution. Novel technology based on a cyclonic gas/liquid contactor was also tried and a small 
test unit built. 
Initial work with the cyclonic contactor involved development of suitable test equipment, 
hydrostatic testing and then subsequent application of ClO2 to determine efficiencies. ClO2 
production efficiency was found to be in the region of 80% on a molar basis from the sodium 
chlorate, hydrogen peroxide and sulphuric acid chemistry deployed. However, instability of 
the liquid reactant flow with the necessary high gas (air) rate to avoid decomposition of the 
ClO2 gas within the unit quickly rendered the unit obsolete. This led to a study of the potential 
pathways which cause rapid decomposition and therefore to avoid future issues in ClO2 
production. 
As an alternative, a second approach was developed based on a novel combined ClO2 
reactor/eductor system, integrated into a traditional stripper column. A detailed design based 
on Cornell’s Method was deployed and a fully integrated process design completed. Due to the 
nature of ClO2 and the chemical precursors, significant attention was paid to process and 
operational safety. 
Finally, the proposed efficiencies for the overall sodium chlorite production plant are detailed 
and examined in full, with respect to the ClO2 gas duty.  
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Chapter 1: Introduction  
Chlorine dioxide (ClO2) is an oxidant that is broadly deployed in the pulp and paper industry 
to bleach paper but has since the 1950s been more readily applied to disinfecting drinking water 
for a variety of purposes: drinking water supplies, odour/taste control, to combating microbial 
corrosion for boiler feedwater. The split between the industries is in the order of 95% for pulp 
and paper bleaching and 5% for water treatment applications. Given the issue of a need to 
supply clean water especially in developing countries, manufacturing chlorination units 
represents a potentially valuable market with significant financial and societal impact to 
whoever can produce the necessary technology. Within this niche marketplace, there are 
several commercial outfits that supply many different technologies for ClO2 generation on-site 
– Scotmas Ltd, based in Kelso, Scotland is one such organisation. On-site generation is 
typically required because the ClO2 gas (dissolved in water) is highly volatile and unstable in 
highly concentrated solutions due to the exhibited vapour-liquid equilibrium of this substance. 
Due to this high volatility, the ClO2 solution cannot be stored on-site in the quantities required 
for public drinking water applications, nor can it be stored in the concentrations that are seen 
for other common water treatment chemicals within such installations. ClO2 is more recently 
becoming a popular disinfectant for drinking water supplies as, when compared to chlorine, it 
does not react with organic matter to form THMs (trihalomethanes) or HAA (haloacetic acids) 
which are known carcinogens and has a much wider application range in terms of pH [1]. 
However, ClO2 does have two significant disinfection by-products (DBPs): chlorite (ClO2
-) 
and chlorate (ClO3
-). These are regulated as a combined species by many national and 
international standards as a combined oxidant species in terms of ClO2, chlorite and chlorate 
[2]. For example, the UK Drinking Water Inspectorate specifies a 0.5 mg/l limit on these 
combined oxidants. This has become an important factor when designing such ClO2 generation 
equipment. 
The popularity of ClO2 as a disinfectant for drinking water treatment has surged since the late 
1970s due to the non-reaction with organic matter to form THMs, as opposed to chlorine. This 
was reinforced by the United States Environmental Protection Agency’s (USEPA) ruling that 
ClO2 was a proven and required method for controlling THMs in water courses in 1979 
[3] [4]. 
Therefore, in recent years, as demand for on-site ClO2 generation has increased, proportionally 
the demand for the required chemical precursors has also increased, which has obvious 
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commercial advantages. In one of the ClO2 chemistries explored in this work, sodium chlorite 
is one of the required chemical feedstocks, along with hydrochloric acid. 
The aims of this project are to: 
1. Develop a novel production process for sodium chlorite using intermediate ClO2 gas, 
which is produced by other more cost-effective feedstocks (sodium chlorate, sulphuric 
acid and hydrogen peroxide). 
2. Compare the above process to existing packed column type stripper/absorber 
technologies. This technology had previously been used with other volatile aromatic 
species within the North Sea offshore oil and gas markets [5]. 
3. In the form of a literature review, examine other novel and emerging technologies for 
ClO2 gas and sodium chlorite production should the original novel design not be 
feasible. The feasibility of the original design is to be established by the development 
of a small lab-scale plant with a design basis of 1 kg/hr ClO2 gas and sodium chlorite 
production thereof. 
4. Establish a complete process design for the selected technology once all evaluations 
were complete using a design basis of 1000 tpy 31% w/w sodium chlorite solution. 
5. Run experimental trials with a concept (Scotmas codename: Zulu) pilot plant, based on 
the above process design, to establish sodium chlorite production rates against 
theoretical values of intermediate ClO2 gas production. 
Funding for this project came from the Knowledge Transfer Partnership programme (KTP), 
project code number 9119. 
One of the major design challenges for the pilot plant was the design of the combined ClO2 
reactor and gas stripper. This maintained a clear area of originality within the process design 
which has obvious overriding commercial objectives for the final pilot plant in terms of 
patented technology. 
The experimental ClO2 duties contained within this report for the final combined 
reactor/stripper equipment was 30 and 45 kg/hr which demonstrates the contrast between the 
lab and pilot scale plant operating parameters. This was still much lower than the required ClO2 
gas production rates for 1000 tpy 31% w/w sodium chlorite but was implemented in this way 
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due to safety concerns. However, from these ClO2 gas production rates, the expected 
concentration of 31% w/w sodium chlorite solution were calculated and evaluated against the 
obtained sodium chlorite concentrations. 
In terms of existing sodium chlorite technologies, block diagram in Figure 1 below 
demonstrates the initial thoughts behind the process. NaCl is first injected into the NaClO3 
production block as a starting material, usually as brine or occasionally as treated seawater. 
The NaClO3 is produced by electrolysis and is required as a feedstock for the production of 
ClO2 gas in the next block. The system is described to self-sustaining as NaCl is recycled to 
produce more NaClO3 for ClO2 production.  
As both ClO2 and Cl2 gases are produced in the reaction, they must be separated in a stripper 
column. Since the reaction liquor is acidic due to excess presence of acid, to catalyse the ClO2 
reaction, ClO2 is readily absorbed in this solution whereas Cl2 is removed easily as a gaseous 
stream on contact with air. 
Both H2 and Cl2, the former produced as a by-product from salt electrolysis in the NaClO3 
block, are sent to a burner where they react to produce HCl. This HCl is then sent to the ClO2 
reactor to catalyse the production of ClO2 gas from NaClO3.  
In the final block, NaClO2 is produced by contacting the isolated ClO2 gas within an aqueous 
stream of H2O2 and NaOH. Here, the ClO2 is reduced to the chlorite ion to produce an alkali 
stream of aqueous NaClO2 product, with concentrations varying between 10 and 31% w/w, 
depending on application. 
A common application of the sodium chlorite product is for commercial small-scale ClO2 
generation systems, which are designed, installed and commissioned by companies such as 
Scotmas Ltd, in order to treat potable, industrial and waste waters for a variety of reasons – 
including disinfection, iron/manganese removal, odour control and the destruction of pesticidal 
compounds. 
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Figure 1 – Existing “Integrated” Chlorite Technology PFD 
In the above process, the starting point is the production of ClO2 the reaction of NaClO3 and 
HCl within a reactor vessel (block entitled “ClO2 Production”), along with by-product NaCl, 
water and gaseous Cl2. The balanced equation for the reaction is: 
2𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 4.8𝐻𝐶𝑙(𝑎𝑞)  → 2𝑁𝑎𝐶𝑙(𝑎𝑞) + 1.8𝐶𝑙𝑂2(𝑎𝑞) + 2.4 𝐻2𝑂(𝑙) + 1.5𝐶𝑙2(𝑎𝑞)  
          Equation 1.1 
The gaseous products, ClO2 and Cl2, are removed from the reactor by a stripper system which 
operates at an optimally low pH to separate the gases. The ClO2 is readily absorbed in chilled, 
dilute HCl, whereas the chlorine gas leaves the top of the scrubber (“ClO2/Cl2 Stripper” block) 
in the gaseous phase. The Cl2 is then recycled to the HCl production stage (“HCl Production” 
block) where it is reacted with H2 from the sodium chlorate production stage (“NaClO3 
Production” block) to produce HCl for ClO2 production. The ClO2 solution then proceeds to 
the “NaClO2 Production” block section. Here, the ClO2 is reacted with NaOH and H2O2 to 
produce NaClO2, which has the same chemistry as used in the absorber loop stage of the pilot 
plant, according to the earlier equation: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑎𝑞) Equation 1.2 
The produced sodium chlorite (produced to the requirements of BS EN 938:2016) can then be 
used in commercial ClO2 plants across the UK and the rest of the world. 
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The waste liquid produced from the reactor in block 2 is a brine, containing low levels of ClO2, 
once sparged correctly. The waste liquid also contains sodium chlorate and HCl and this liquid 
is recycled to the sodium chlorate electrolytic cell in block 1. In this cell, NaCl is electrolysed 
under certain operating conditions, to produce NaClO3 and H2, as per the reaction below: 
2𝑁𝑎𝐶𝑙(𝑎𝑞) + 6𝐻2𝑂(𝑙) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 2𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 6𝐻2(𝑔)  Equation 1.3 
The sodium chlorate produced by this reaction, along with unreacted chlorate and HCl, 
progresses into the ClO2 production process (block 2). This means that an integrated process is 
possible with no fresh sodium chlorate precursor required. Therefore, the only precursor to the 
process is HCl, which could be produced in a burner according to the following Equation 1.4: 
2.4𝐻2(𝑔) + 2.4𝐶𝑙2(𝑔) → 4.8𝐻𝐶𝑙(𝑔)      Equation 1.4 
This produced HCl is generated from collected by-products from the integrated process 
effectively closing the loop in terms of certain feedstocks. Make up or a secondary source of 
HCl would be required in practice. The other feedstocks, sodium hydroxide and hydrogen 
peroxide, can be supplied at various concentrations and are freely available on the open market. 
The major benefit of this system is that it is self-sustaining from the recycled by-products which 
go on to product further reactants in the ClO2 generation process. However, the system does 
use significant amounts of electricity which can be both expensive and scarce in the markets 
(i.e. Middle East, African and South East Asia) Scotmas Ltd aim to deploy the novel ClO2 
technology. 
The commercial aim for the proposed system that drives the research objectives of the project 
reported in this thesis, is that although a waste stream is produced, >99% of produced ClO2 is 
used with the reactor liquor neutralised safely for local disposal. In addition, the process is not 
dependent on high levels of electricity for production of ClO2 from brine which can be costly 
and impractical in the intended areas of installation. 
Finally, the reaction uses low-cost reactants such as sulphuric acid, hydrogen peroxide and 
sodium chlorate which are freely available and relatively inexpensive within the intended 
countries of installation. 
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The main process pathways are described below for the experimental Zulu pilot plant with 
reference to the following basic block diagram: 
  
The concept is that ClO2 is first produced within the Zulu reactor from sodium chlorate, 
hydrogen peroxide and sulphuric acid as shown in Equation 1.5 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 1.5 
ClO2 gas is then stripped from the reacting solution by means of a “main absorber loop”. 
Essentially this is a recirculating process line from a tank, through an eductor connected to the 
top of the Zulu reactor, returning to the original tank. The eductor creates a partial vacuum 
within the reactor body which encourages ClO2 gas to be evacuated from the aqueous phase 
within the reactor to the eductor motive stream. The motive stream is an aqueous solution of 
sodium hydroxide and hydrogen peroxide, which reacts with the ClO2 gas to produce sodium 
chlorite. The starting values of sodium hydroxide and hydrogen peroxide within the motive 
stream were determined by material balance and modified accordingly during experiments. 
The chemical equation for this reaction in the absorber loop is shown in Equation 1.6: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 1.6 
Figure 2 – Simple Block Diagram of Zulu Process 
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The remaining process steps are to deal with the reactor liquor which contains spent by-
products and small quantities of ClO2 gas which have not been removed in the reactor/eductor 
system but are removed by the introduction of air into a drain reservoir system. This air/chlorine 
dioxide mix is then injected into the main absorber/reactor loop to maximise sodium chlorite 
production through reaction whilst the air leaves the system as an inert. 
The reactor waste stream has a low pH and contains significant amounts of sodium chlorate 
which is toxic to aquatic life and so must be neutralised with sodium thiosulphate prior to 
disposal according to local environmental regulations. It is assumed >99% of the ClO2 is 
removed in this way prior to neutralisation. In addition, the thiosulphate will also neutralise 
any residual ClO2 in the reactor waste. 
Scotmas Ltd wanted initially to achieve a production rate of 3000 tonnes per annum 31% w/w 
sodium chlorite production but this was then scaled back to 1000 tonnes per annum. One of the 
results from the KTP project was a thorough review on the amount of chlorine dioxide gas that 
could be safely handled within the context of the pilot plant. The final design and construction 
of the pilot scale facility was done on the basis of 30 and 45 kg/hr (237 tonnes/annum) ClO2, 
particularly as the pilot process was manually operated during experimental trials. 
The remaining chapters in this thesis cover the background literature, the iterations to the 
design of the reactor/absorber unit and the preliminary testing of the pilot scale unit. 
Chapter 2 of this thesis contains a literature review which explores a number of fundamental 
properties of ClO2 prior to any detailed process design. These include the history of chlorine 
dioxide, associated reaction technologies, explosive decomposition of ClO2 in the gaseous 
phase as well as existing technologies for ClO2 production and sodium chlorite reaction 
chemistry. In addition, various non-chlorine dioxide-based gas-liquid separation technologies 
were investigated and proposed for the pilot plant design. This detailed literature review was 
required to establish the most appropriate chlorine dioxide/sodium chlorite reaction chemistry 
to be deployed within the novel reactor/stripper system. It was also important to consider 
chlorine dioxide decomposition in the gaseous phase at various concentrations in air as this had 
a significant effect on the type of novel contactor selected for a proposed lab-based plant design 
(initially based on 1 kg/hr chlorine dioxide with the intention of scaling up to 30 and 45 kg/hr 
for experimental purposes). 
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Chapter 3 discusses the specific chemistry applicable to the proposed “Zulu” plant in order to 
clarify what reaction steps are occurring in specific sections of the process. 
Within chapter 4, the final process design is considered for the pilot plant to be constructed. 
The initial design parameter of 3000 tpy 31% w/w sodium chlorite solution is considered for 
the purposes of material balance, chemical flowrates, pump sizing, pipeline sizing, etc but is 
eventually reduced to 1000 tpy and finally 30 and 45 kg/hr ClO2, for practicality, safety and 
overall manual control of experimental work. This is a significant chapter as it brings together 
the theoretical design work explored in earlier chapters in terms of explosive decomposition 
limits, ClO2/chlorite reaction chemistry, reactor/stripper unit design and associated process 
units and proposes a feasible process design which is then constructed at Scotmas Ltd.’s 
premises for various experiments carried out in Chapter 5. 
Chapter 5 initially explores basic hydraulic testing on the constructed pilot plant to establish 
basic manual process operation prior to any introduction of chemicals so that operators can 
understand each process unit (i.e. how the reactor/eductor system functions in reality) and 
various co-ordinating steps required between each process area to maximise sodium chlorite 
production once chemicals are introduced.  
Once chemicals are introduced, the process was initiated at low chemical flowrates to monitor 
process behaviour, particularly the strength of the reaction between concentrated (40% w/w) 
sodium chlorate solution and sulphuric acid to determine if any further safety considerations 
are required in addition to the HAZOP implemented before any process trials.  
Furthermore, once ClO2 is produced and absorbed via chemical reaction in the absorber loop, 
sodium chlorite concentrations are determined by ion chromatography and evaluated against 
the expected value of sodium chlorite concentration. Both values were plotted versus time to 
understand the kinetics of the reaction following start-up of the Zulu reactor/eductor system. 
A number of experiments detailed in this report were carried out at low chlorine dioxide 
production rate – 30 kg/hr and 45 kg/hr, 100% w/w ClO2 gas. This was somewhat lower than 
the original design capacity and the experiments were curtailed due to identified safety issues 
related to gas decomposition which in turn is linked to mechanical design of the reactor/eductor 
system. 
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Chapter 6 explores the identified process improvements to scale up the process to the required 
1000 tpy of 31% w/w sodium chlorite solution from the 30 and 45 kg/hr ClO2 pilot plant. These 
are mainly linked to the mechanical design of the reactor but also consider other requirements 
such as process control, pump selection and eductor sizing. The overriding issue with the 
process design is the constant need to control the gaseous concentration of ClO2 gas below an 
explosive limit in air, the challenge of how this is monitored safely during manual operation, 
whilst also maximising the recovery of ClO2 gas from the reactor solution with very minimal 
waste.  
Chapter 7 then concludes the report with a comparison of the main objectives identified above 
against what was achieved in the literature review, process design and experimental 
procedures. Recommendations are made in order to improve the process design and 
reactor/eductor system construction in order to maximise ClO2 gas production and hence, 
achieve the design output of 1000 tpy 31% w/w sodium chlorite.  
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Chapter 2: Literature Review 
This chapter presents the background for industrial scale production of ClO2, looking in 
particular at the background as to why ClO2 is important for water treatment, the safety hazards 
associated with ClO2 production, and the key chemistry aspects that govern the complex series 
of reactions. 
2.1 Historical Background of ClO2 
2.1.1 Uses in Water Treatment 
ClO2 was discovered by Sir Humphry Davy (1778 – 1829) in 1811, who prepared ClO2 gas by 
pouring a strong solution of sulphuric acid on potassium chlorate. Later, others replaced 
sulphuric acid with hydrochloric acid and potassium chlorate with sodium chlorate (NaClO3). 
This process forms the bulk of the current industrial methods to produce ClO2 as shown below: 
2𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 4𝐻𝐶𝑙(𝑎𝑞)  → 2𝐶𝑙𝑂2(𝑎𝑞) +  𝐶𝑙2(𝑎𝑞) + 2𝑁𝑎𝐶𝑙(𝑎𝑞) + 2𝐻2𝑂(𝑙)      Equation 2.1 
Today, most ClO2 is used for bleaching paper pulp (>95% of the market) because it produces 
a brighter, stronger fibre than any chlorinated process and does not form harmful disinfection 
by-products such as trihalomethanes (THMs), as opposed to chlorine disinfection. The 
discharge of THMs after bleaching is a serious environmental concern for aquatic life within 
these water courses. Virtually, all ClO2 used for pulp bleaching is generated on-site from 
NaClO3 in large quantities (i.e. tons per day).  
The principal use of ClO2 in drinking water treatment (<5% of the market) has historically been 
for taste and odour control due to the presence of naturally occurring phenolic compounds. A 
selection of papers is available on this subject and one paper in particular by Jordan et al [1] 
focuses on ClO2 applications in North America for the destruction of phenolic tastes and for 
oxidation of iron/manganese within water for human consumption. Another study has shown 
that Canadian installations were deploying ClO2 to control phenolic pollution within industrial 
effluent from power plants/cooling tower systems which discharged to local rivers or wetlands 
[2]. 
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Traditional methods of water disinfection in the UK, US and Western Europe have been to use 
chlorine-based technologies such as single point “polishing” dosing of sodium hypochlorite 
solution or by injecting chlorine gas directly into the treated water as it leaves the water 
treatment station as part of the tertiary treatment process. The benefits of this is that only one 
chemical is required for dosing, maintenance is fairly low and no chemical reactions or 
complex process equipment is required – simply a dosing pump and suitably resistant plastic 
hose/connection points in the case of hypochlorite dosing and only a gas cylinder and pressure 
regulator in the case of chlorine gas dosing. In Middle Eastern countries and other temperate 
climates, electrochemical production of sodium hypochlorite from seawater is used for 
disinfection. This has obvious high energy costs and requires a high level of sophisticated 
maintenance due to the impurities found within seawater which cause significant side reactions 
around the electrodes of such plants [3a]. Also, due to bromide presence in seawater, in the 
electrochemical process, there is serious concern since the bromide is reduced to bromate – 
which is a WHO-recognised carcinogen, which is suspected to be carcinogenic in parts per 
million per kg body weight concentrations [3b]. 
Chlorine is not effective against a significant number of biological organisms present in water 
courses, such as Giardia and polysaccharide biofilms which grow on internal pipe surfaces. 
These biofilms harbour bacteria within and provide a suitable nutrient-rich and temperature 
favourable environment for bacterial proliferation if left untreated by either chemical or 
mechanical means. In addition, there are serious health, safety and process operability concerns 
around the storage of compressed chlorine gas, particularly in countries where terrorism is a 
significant consideration during normal operation. These obvious downsides of chlorine dosing 
have left some water undertakers, particularly in the USA and Western Europe to investigate 
other biocides [3c]. 
For example, in 1972, the USEPA reported high chloroform concentrations in the Lower 
Mississippi River in Louisiana, which used chlorination as their main source of water 
disinfection [3c]. This in turn resulted in a high chloroform content within the public water 
supply for the city of New Orleans. This led to extensive investigations which eventually 
confirmed that chlorination was in fact the cause of many undesirable THM compounds, not 
solely limited to chloroform. These findings pushed the North American industry to search for 
alternatives to chlorination and eventually led to the adoption of ClO2 as an alternative biocide 
that did not produce THMs. 
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Later research in 1976 [4] demonstrated that ClO2 does not react with organic material to form 
THMs in drinking water and has a side benefit of lowering the precursors that give rise to 
THMs. This study presents an obvious conflict between the 1972 investigation highlighting a 
more complex chemistry in the natural water supply. The acceptance of the 1976 research led 
to the adoption of using chlorine dioxide for potable water disinfection. In the industrial 
practice today, the majority of chlorine dioxide applications within potable water systems is to 
remove manganese (i.e. through manganese oxidation), for taste/odour control and for lowering 
THM levels [5]. ClO2 is now also regularly used for the deactivation of Giardia, a chlorine-
resistant bacterium. It has also been used for the destruction of Cryptosporidium and other 
bacteria. 
In Europe, where many water supplies have suffered from pollution, particularly phenol spills 
from sea-going vessels. Sea-going vessels transport phenol as a liquid, close to 100% w/w as 
stated in international codes of conduct for ship construction [6a]. As a result, a 1977 survey 
reported ClO2 installations at several thousand water treatment plants 
[6b]. ClO2’s popularity is 
resultant from its superior power to oxidize phenols and chlorophenols without imparting off 
flavours and without adding a chlorine-like taste and from its superiority over chlorine for pre-
treatment to remove iron and manganese.  
Prevention of THM formation has been an overriding driver for use of ClO2 within France and 
other European countries. From the work above, it follows that the deployment of ClO2 was in 
fact a direct switchover from chlorine, either by dosing sodium hypochlorite or chlorine gas.  
The following is a process train for a typical water treatment plant: 
1) Pre-treatment with ClO2 at raw water pumping station to produce a residual concentration 
of between 0.5 – 2 mg/l 
2) Flocculation and sedimentation 
3) Sand or activated carbon filtration 
4) Ozonation (1 – 2 mg/l) 
5) Clearwell storage for 30 minutes which allows for water storage for any biocidal treatment 
to remove or inactivate any biological contaminants present 
6) Breakpoint chlorination to remove ammonia (optional) 
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7) Storage in another reservoir for reaction time, dependent on ammonia concentration 
(optional) 
8) Post-chlorination of finished water for disinfection and protection of distribution system 
(0.3 – 0.5 mg/l residual concentration) 
It is common within many water treatment works to move from stage 5 to 8 without any 
intermediate ammonia destruction/reservoir storage, should no ammonia be present within the 
water. A variation of the above train may include additional chlorination and dichlorination 
steps to provide a synergistic effect of dual chlorine/ClO2 treatment. Short notes on specific 
chemistry follows below: 
a) ClO2 & Water Chemistry [7a] [7b] 
As previously discussed, ClO2 rapidly oxidises phenol type compounds, but also interacts with 
secondary and tertiary amines, organic sulphides and certain hydrocarbon polycyclic aromatics 
such as benzopyrene, anthracene and benzoanthracene. ClO2 will not react on double carbon 
bonds, aromatic cores, quinionic and carboxylic structures as well as primary amines and urea. 
Commercial applications have shown that ClO2 can effectively oxidise many compounds 
considered to be wastewater pollutants. The following discusses a number of key compounds 
found in water used for both potable and industrial uses that chlorine dioxide reacts with. 
b) Aldehydes [7b] 
ClO2 can oxidise an aldehyde to its corresponding carboxylic acid. Aldehydes are produced by 
a number of common industrial processes. Their treatment is a common problem, especially so 
in the waste effluents found in formulations used in the photograph processing industries, 
where formaldehyde is a major component. ClO2 oxidises formaldehyde to formic acid and 
finally to carbon dioxide. Para formaldehyde can also be depolymerised by oxidation with 
ClO2. 
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c) Amines and Mercaptans [7b] 
The major sources of odorous substances, such as mercaptans and substituted amines, include 
the chemical and petroleum industries, cooking processes, animal feed lots and rendering 
plants. 
Between pH 5 & 9, 4.5 parts by weight of ClO2 instantaneously oxidises 1 part by weight of 
mercaptan (expressed as sulphur) to the respective sulphonic acid or sulphonate compound, 
thus destroying the mercaptan odour [7b]. Similarly, chlorine dioxide reacts with organic 
sulphides and disulphides destroying the original odour containing compound. 
Secondary and tertiary amines are also present in many waste waters, causing their own unique 
odour problems. The extent to which oxidation of amines will occur with ClO2 heavily depends 
on the pH of the reaction mixture and substitution degree of the amine compound in question. 
Between pH 5 and 9, an average of 10 parts by weight of ClO2 oxidises 1 part by weight of a 
secondary aliphatic amine (expressed as nitrogen) removing all traces of amine odour [7b]. The 
higher the pH of the reaction mixture (aqueous solution of chlorine dioxide and tertiary and/or 
secondary aliphatic amines) the more rapidly oxidation proceeds. 
d) Pesticides 
ClO2 can oxidise toxic pesticide containing materials to less toxic compounds. Specifically, 
Methylchlor (DMDT) and Adrian react with ClO2. With parathion, the reaction is slow near to 
pH 7; however, when pH is above 8, less biodegradable herbicides such as paraquat and diquat 
are eliminated within a 2 – 3 minutes [7b]. 
e) Algae/Slime 
ClO2 has been shown to be effective in controlling algae growth 
[7b]. In one study, ClO2 was 
found to be more effective than copper sulphate, at comparable treatment costs [7c]. ClO2 is 
believed to attack the pyrolle ring of the chlorophyll. This leaves the ring and the chlorophyll 
inactive. Since algae cannot function without chlorophyll metabolism, they are destroyed. The 
reaction of ClO2 with algae and their essential oils forms tasteless, odourless substances
[7c].  
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Algae control is carried out by adding ClO2 to the reservoir at night (to prevent photolytic 
decomposition of ClO2 by UV). The algae killing action is fast enough to be effective before 
the sun rises. A dosing concentration of 1 mg/l ClO2 has been reported to control algae 
populations [7c]. 
f) Sulphides [7b] 
Between pH 5 and 9, an average of 5.2 parts by weight of ClO2 instantaneously oxidises 1 part 
by weight of hydrogen sulphide (expressed as sulphide ion) to the sulphate ion. 
Many industrial processes produce sulphide-containing gases and waste products. These are 
generated, for example, during petroleum refining, coal coking, black liquor evaporation in 
kraft pulping, viscose rayon manufacture and natural gas purification. These gases and wastes 
are frequently scrubbed with alkaline solutions and require treatment before discharge.   
g) Nitrogen Oxides [7b] 
Nitrogen oxides are both dangerous and corrosive. Nitrous oxide (NO) and nitrogen dioxide 
(NO2) are industrial effluents which result from fuel combustion, nitric acid manufacture and 
from metal finishing operations which use nitrates, nitrites or nitric acid. Other sources include 
chemical processes in which nitrogen compounds are used as reagents. 
ClO2 has been used to scrub these contaminants. Nitric oxide contained in gas discharges from 
coke kilns may be eliminated by oxidation by ClO2. This process is particularly convenient for 
continuous operation and is represented by the equations below. 
5𝑁𝑂(𝑔) + 2𝐶𝑙𝑂2(𝑔) + 2𝐻2𝑂(𝑙) → 2𝐻𝐶𝑙(𝑎𝑞) + 5𝑁𝑂2(𝑔)  Equation 2.2 
5𝑁𝑂2(𝑔) + 𝐶𝑙𝑂2(𝑔) + 3𝐻2𝑂(𝑙) → 𝐻𝐶𝑙(𝑎𝑞) + 5𝐻𝑁𝑂3(𝑎𝑞)  Equation 2.3 
On a molar basis, 5 moles NO reacts with 3 moles ClO2. On a mass basis, 1 g of NO requires 
1.35 g of ClO2. The reaction is more than 90% complete between 1 to 3 seconds 
[7b] and 
produces an aqueous acidic stream of hydrochloric and nitric acids which would require further 
treatment prior to disposal. 
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h) Cyanides [7b] 
Cyanide compounds originate from processes such as metal plating, steel case hardening, 
pickle liquor neutralising, gold and silver ore refining and blast furnace stack gas scrubbing. 
ClO2 oxidises simple cyanide to cyanate (a less toxic substance) and/or carbon dioxide and 
nitrogen. The end products depend on reaction conditions, primarily pH.  
With free cyanide, the reaction with ClO2 is reported to be instantaneous 
[7b]. Strongly alkaline 
conditions speed up the reaction between ClO2 and oxidizable cyanides. However, above pH 
10, ClO2 usually decomposes by reduction to the chlorite ion and therefore, the optimal pH 
range is around pH 8 to pH 10 for this reaction which is dependent on pH discharge limitations. 
In neutral and alkaline solutions below pH 10, an average of 2.5 mg/l by weight of chlorine 
dioxide will oxidize 1 mg/l of cyanide ions to cyanate. Chlorine dioxide is not known to form 
cyanogen chloride during cyanide oxidation. The following reaction occurs in the oxidation of 
cyanide to cyanate between pH 8 and pH 10: 
𝐶𝑁(𝑎𝑞)
− + 2𝐶𝑙𝑂2(𝑎𝑞) + 2𝑂𝐻(𝑎𝑞)
− → 𝐶𝑁𝑂(𝑎𝑞)
− + 2𝐶𝑙𝑂2(𝑎𝑞)
− + 𝐻2𝑂(𝑙) Equation 2.4 
Cyanide is often encountered in its complexed form often with iron and cobalt, both of which 
are not oxidizable with ClO2. The reaction between ClO2 and various cyano-metallic 
complexes depends on the ease of dissociation of cyanide from the complex. Cyanide 
complexes containing Ag2+, Cu2+, Zn2+, Ni2+, Pb2+ and Cd2+ are easily dissociated and 
destroyed by ClO2. An example for Cu is shown below, which is a two-stage process. Firstly, 
the cyanide ion is oxidised to cyanate with the formation of chlorite and then subsequently, the 
chlorite is catalysed by the transition metal ion to chloride: 
5[𝐶𝑢(𝐶𝑁)3](𝑎𝑞)
2− + 7𝐶𝑙𝑂2(𝑎𝑞) + 2𝑂𝐻(𝑎𝑞)
− → 15𝐶𝑁𝑂(𝑎𝑞)
− + 7𝐶𝑙(𝑎𝑞)
− + 𝐶𝑢(𝑂𝐻)2(𝑎𝑞) + 𝐻2𝑂(𝑙)   
          Equation 2.5 
ClO2 also oxidises thiocyanate to sulphate and cyanate. In neutral solutions, an average of 3.5 
mg/l of chlorine dioxide oxidises 1 mg/l of thiocyanate ion [7b] according to the equation: 
𝑆𝐶𝑁(𝑎𝑞)
− + 2𝐶𝑙𝑂2(𝑎𝑞) + 2𝑂𝐻(𝑎𝑞)
− → 𝑆𝑂4(𝑎𝑞)
2− + 𝑁𝐶𝑂(𝑎𝑞)
− + 𝐻2𝑂(𝑙) Equation 2.6 
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2.1.2 Use of ClO2 in the UK for Water Treatment 
As mentioned earlier, the UK water system is traditionally dosed directly with chlorine and 
some local authorities also dose drinking water with fluoride. The first reported large-scale use 
of ClO2 was in 1961, following trials at the Sutton Hall water treatment facility for the control 
of taste and odour [8]. Other reported use of ClO2 arises when existing chlorine dosing could no 
longer cope with demand or deal with the disinfection issues experienced within the plant in 
question (i.e. THM accumulation, etc). 
In the 1970s, following an industrial dispute, it was not possible to produce a free chlorine 
residual at the Huntingdon water treatment plant because of the very high ammonia 
concentrations produced by the River Dee in Wales [8a]. Ultimately, ClO2 was used as a 
remedial measure at the plant to overcome the ammonia issue. This demonstrated how effective 
ClO2 was in tackling water disinfection issues. 
From the 1970s onwards, ClO2 has been used in the UK primarily as a pre-treatment for algae-
resultant taste and odour, treatment of water-containing phenolic compounds and oxidation of 
iron and manganese. However, following the work in the 1960s and 1970s, the installation of 
further ClO2 systems has been limited mainly due to concerns about the storage of sodium 
chlorite, hydrochloric acid and/or chlorine gas/sodium hypochlorite as chemical precursors. 
More recently, the use of ClO2 in the UK has been limited by national regulation on residual 
concentrations of ClO2 and its disinfection by-products in the treated water. The current UK 
Drinking Water Inspectorate regulations stipulate that the combined concentration of ClO2, 
chlorite and chlorate should not exceed a limit of 0.5 mg/l. 
Drinking water treatment is one of the primary applications for ClO2. ClO2’s biocidal potency, 
in addition to modern ClO2 generation technologies, has allowed other applications to become 
viable, such as ballast water treatment for ships and food processing applications. Two 
examples of this are considered below. 
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2.1.3 Ballast Water Treatment 
There are many examples of ClO2 applications used for the control of invasive marine life. 
These are mainly prevalent within onshore reverse osmosis (RO) applications for drinking 
water as well as macrofouling control within seawater intakes for multistage flash (MSF) 
thermal evaporation systems for drinking water production, particularly within the Persian 
Gulf. However, one further application concerns the discharge of ballast water from large ships. 
The globalisation of trade, as well as the increased speed and capacity of ocean-travelling 
vessels all heighten the chance for non-native species to be introduced to coastal waters. The 
volume of water estimated to be transferred across the globe is around 10 billion metric tons 
[8b]. This guarantees that these introductions will occur with side effects such as: jeopardization 
of established food chains, local fishing stock depletion or simply developing into nuisance 
species. Estimated annualised costs of such unwanted outcomes was around $7.8 billion in the 
United States alone in 2009, and this monetary valuation does not solely account for the 
benefits of a functioning ecosystem. 
One such study by Maranda et al (2013) [8b], investigated the efficacy of ClO2 in eliminating 
these invasive organisms present in estuarine ballast water within a container ship during 
normal operating conditions. Treatment was implemented with ClO2 gas produced at the point 
of application at 5 mg/l and dosed as a gas proportionally to the flow of incoming ballast water, 
through a venturi eductor, at several pick up points along the East Coast of the USA during a 
5-day return voyage.  
 
 
Figure 3 – Ballast Tank Testing Results for Zooplankton [8b] 
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ClO2 was generated on board the vessel using the acidification of sodium chlorate method 
discussed later in this chapter. Several ballast tanks were dosed with chlorine dioxide and some 
were not, to establish a control measure of normal bacteria load within the tanks [8b]. The results 
are shown below in Figure 3 and 4.  
It can be readily seen that ClO2 was highly effective throughout the trial for the destruction of 
Enterococcus and E. coli bacteria species to undetectable levels, as well as macroscopic 
zooplankton, such as copepods. This is also true of coliforms but with a noticeable post-
treatment increase in coliform concentrations between July and September 2007. This was 
suspected to be erroneous, probably due to contamination during measurements, as this was 
not observed elsewhere in the trial. 
Prior to the testing, a bench scale test was carried out to establish the most appropriate ClO2 
dosing concentration for the trial. Various concentrations between 1 and 20 mg/l were trialled 
with 5 mg/l selected. This concentration was found to be satisfactory for killing a variety of 
organisms including viruses, bacteria, photosynthetic plankton and zooplankton [8b]. Those that 
were able to find refuge from the ClO2 treatment (i.e. those organisms with shells, resting eggs 
or finding shelter within tank sediment, etc) were less susceptible to treatment.  
One important note is that the chlorine dioxide gas dosed into the system was quick to dissipate 
within the ballast tanks and associated pipework – all within 24 hours of ballasting during 
summer and 44 hours during winter [8b]. It was assumed that all ClO2 for useful treatment was 
deployed quickly which reduces potential for any corrosion issues or ClO2 gas build up within 
tank headspaces, operator exposure, etc.  
Figure 4 – Ballast Tank Testing Results for Bacteria [8b] 
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Although the trial did note that values of recorded organisms were below detectable levels 
shortly after ClO2 treatment, it was also noted that the effect did not persist longer than a few 
days after a single ClO2 dosage with certain organisms. This would suggest that although the 
water was quickly treated and invasive organisms reduced to very low levels, if there are any 
areas within the ballast tank that can harbour marine life (i.e. biofilms formed on tank walls, 
baffles, etc) then the bacterial concentrations can rebound within several days. Therefore, 
Maranda et al (2013) recommends that it may be impractical to totally eradicate all invasive 
species, particularly resistive zooplankton, although one could disagree with that viewpoint. 
Although not suggested within the paper, the ClO2 generation system designed for the vessel 
within the trial was implemented as a once-through dosing system – that is, only one dose of 5 
mg/l was administered to incoming ballast water at each port. It would be entirely conceivable 
to design a system whereby the ballast water could be circulated and the same dosage 
reintroduced on a regular basis during the ship’s voyage. This is not mentioned in the 
discussion or conclusion sections of this work but what is cited is that a pre-filtration step 
should be introduced, prior to ClO2 dosing, to exclude most macroscopic hard-shelled 
invertebrates from the ballast water system, which were found to be less susceptible to ClO2 
treatment. However, what is acknowledged by Maranda et al is that ClO2 is practical and very 
quick for the immediate purposes of eradicating water-borne bacteria whilst itself decaying 
rapidly to non-detectable values. 
2.1.4 Food Processing 
As ClO2 is a highly effective biocide for pathogen destruction and interacts with a wide number 
of chemicals, there are numerous examples of ClO2’s efficacy in the food processing industries. 
One such example that has common ground between both pathogenic destruction and chemical 
inactivation applications is the ClO2 treatment of fresh lettuce. 
Two papers are available for evaluation on the subject. Chen et al[8c] investigated the use of 
aqueous ClO2 solution for the removal of pesticide residues from fresh lettuce leaves and Kim 
et al[8d] investigated ClO2 for the inactivation of E. coli O157, salmonella and listeria, which 
are all pathogenic bacteria of serious concern within the human food chain. 
As explored in Chen et al, organophosphorus pesticides (OPPs) are one of the most important 
and widely used insecticides. OPP application has successfully reduced the loss agricultural 
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production [8c]. However, it also well known that OPPs can inhibit the activity of 
cholinesterases, impair nerve conduction, have genotoxicity, reproductive toxicity and immune 
toxicity. OPP residues in agricultural products have therefore become a legitimate public health 
concern. Therefore, there is a significant need to decrease or eliminate OPP levels within 
agricultural produce. 
Once such agricultural produce that OPPs are applied to is lettuce to prevent insect attack 
during growth [8c]. Two popular OPP formulations, phorate (O,O-Diethyl-S-
ethylmercaptomethyl phosphorothioate) and diazinon ((O-O-Diethyl-O-(6-methy-2-(1-
methylethyl)-4-pyrimidinyl) phosphorothioate), which are used extensively for lettuce 
protection in Chinese agriculture, were selected for investigation by Chen et al [8c]. 
As part of the experimental procedure, lettuce leaves were immersed for 5 minutes in an 
aqueous solution containing both pesticides at initial concentrations of 2 and 20 mg/l of each 
pesticide. The leaves were then removed and dried for 12 hours at room temperature [8c]. The 
leaves were divided into 3 groups: a) control (no wash), b) dynamic washing in tap water and 
c) dynamic washing in aqueous ClO2 solution (10 mg/l and 20 mg/l ClO2). The leaves were 
then dried after washing for 5, 10, 15 and 20 minutes with all solutions. 
Determination of residual pesticide concentrations was then determined by gas 
chromatography and the results plotted against washing time for both phorate and diazinon. 
The degradation effect on the pesticides were plotted as below in Figure 5. 
The tap water with 10 mg/l and 20 mg/l ClO2 was applied to wash the contaminated fresh 
lettuce. The pesticide concentrations declined rapidly during the first 5 minutes and then 
decreased slowly after this. Compared with the tap water wash, the ClO2 treatment significantly 
improved the pesticide removal from the lettuce. When the lettuce, originally contaminated 
with 10 mg/l phorate were washed for 20 minutes with 10 and 20 mg/l ClO2, the removal rates 
were 41.1% and 45.0% higher than that with the tap water, respectively[8c]. Similarly, when the 
lettuce contaminated with 20 mg/l phorate were washed for 20 minutes with 10 and 20 mg/l 
ClO2 solution, the phorate removal rates were 24.1% and 50.1% higher than that with tap water, 
after 20 minutes, respectively.  
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Figure 5 - Phorate and Diazinon Removal Curves [8c] 
Similar trends were also observed for the diazinon concentrations on lettuce after washing with 
tap water and ClO2 solution. Diazinon concentrations decreased by 51% and 49% after 20 min 
washing with tap water for the initial contamination level of 10 and 20 mg/l, respectively [8c]. 
However, when the lettuce treated with 10 mg/l diazinon was washed for 20 minutes with 10 
and 20 mg/l ClO2 solutions, it was found that 68% and 70% of diazinon was removed, 
respectively. With the 20 mg/l diazinon leaves, and 10 and 20 mg/l ClO2 washing solutions, 
56% and 60% of diazinon was found to be removed[8c]. These results suggested that the 
pesticide with lowest initial concentration was easier to remove from the lettuce leaves and 
when a higher ClO2 washing concentration was used, the treatment resulted in the highest 
pesticide destruction from the lettuce. 
It was noted that by washing with tap water alone did also remove the pesticides to some 
degree. This was due to the solubility of phorate and diazinon in water (50 mg/l and 40 mg/l, 
respectively, at 20oC) [8c]. It is also suspected that the impact force of the tap water could result 
in an acceleration of the dissolution of pesticide residues.  
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Chen et al also discovered that pH of pesticides in aqueous solution was a significant factor in 
pesticide removal with ClO2. Buffer solutions were created at both pH 4.6 and pH 10.7 and the 
same tests described above were repeated. The removal of phorate was found to be accelerated 
in both acidic and alkaline conditions when compared to pH 7.  
In contrast, the removal of diazinon was found to be increased in neutral and alkaline waters, 
when compared to acidic water, when ClO2 was added at 10 mg/l and 20 mg/l respectively. In 
addition, as the concentration of ClO2 was increased, this was found to be increase diazinon 
degradation (20% after 20 minutes, with 10 mg/l ClO2, and greater than 40%, after 20 minutes, 
with 20 mg/l ClO2, at pH 10.7 
[8c]. 
The conclusions of this work summarised that pesticide degradation is affected by ClO2 
concentration, pH of the washing solution, treatment/exposure time, initial pesticide 
concentrations. The work found that the lowest concentration of pesticides, combined with the 
highest possible ClO2 concentration and greatest contact time, resulted in the most favourable 
conditions for pesticide degradation to the greatest extent. 
In the case of the work by Kim et al [8d], their investigative work centred around the destruction 
of pathogenic bacteria contained within lettuce during storage. Minimally processed 
vegetables, such as shredded lettuce, are hampered by storage issues resultant from microbial 
contamination. Sources of this contamination could be from animal manure, irrigation water, 
processing machinery/environment, food handlers and the surface of food products exposed 
during cutting processes. The bacteria of most concern for public health are E. coli O157, 
Salmonella typhimurium and Listeria monocytogenes [8d]. As a result, there is a driver to 
develop a form of sanitary storage and handling/marketing of freshly cut vegetables.  
Many raw fruits and vegetables are currently washed using chlorinated water to reduce (but 
may not totally eradicate) microorganisms. However, there are significant health concerns from 
this method of disinfection due to the presence of trihalomethanes (THMs) generated from the 
reaction of chlorine with organic species, which may be present on the surface of the fruit or 
vegetables.  
As ClO2 has a much higher oxidation capacity than chlorine and does not produce the same 
undesirable by-products, it was selected by Kim et al for this study. Lettuce leaves were cut, 
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pre-washed and inoculated with pre-determined values of the bacteria in question – 
approximately 7 log CFU/ml. The leaves were then dried on a bench for 30 minutes before the 
experiment.  
Various ClO2 solutions were prepared at 5, 10 and 50 mg/l using a commercially available 
aqueous ClO2 generator. A control sample of 0 mg/l was also prepared for comparison. 500g 
of the inoculated lettuce leaves were then dipped into 3 litres of the above ClO2 solutions with 
gentle agitation for 10 minutes. After ClO2 treatment, the leaves were individually packaged 
and stored under temperature-controlled conditions for analysis for 4 days, with microbial 
sampling carried out on each day [8d]. The results are summarised in Figure 6. 
 
Figure 6 - Bacterial Concentration vs ClO2 Concentration [8d] 
 
From the results of this study, it is clear that aqueous ClO2 treatment of the lettuce leaves 
decreased the populations of E. coli O157, Salmonella typhimurium and Listeria 
monocytogenes. It was also noted that by increasing the aqueous ClO2 concentration, this vastly 
decreased the bacterial load within the leaves in a much quicker timescale, thereby extending 
lettuce shelf life without affecting product quality or colour during cold storage. 
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2.2 Chemical and Biological Properties 
ClO2 has a unique set of biological and chemical properties which results in it being a useful 
oxidant for deployment within water disinfection for a variety of applications. 
2.2.1 Chemical Properties 
ClO2 exists as a gas at STP and some physical properties are listed in Table 1. 
Physical Properties of Chlorine Dioxide (ClO2) [7b] [9] 
Molar mass 67.45 g/mol 
Appearance Yellow to reddish gas 
Odour Acrid 
Density 2.757 g/dm3 
Melting point −59 °C  
Boiling point 11 °C  
Solubility in water 8 g/L (at 20 °C) 
Table 1 - Physical Properties of ClO2 
ClO2 is a small, volatile and highly energetic molecule and is also a free radical. Due to this 
instability it is almost exclusively never used commercially in high concentrations as a gas. For 
all commercial water treatment applications, it is produced and injected as an aqueous solution. 
ClO2 gas itself has a yellow-red colour and an odour not dissimilar to chlorine. The odour is 
known to be detectable as low as 0.1 mg/l in air. The short-term exposure limit is 0.3 mg/l in 
air can cause irritation to the lungs and respiratory system. At above 5 mg/l in air, ClO2 gas 
inhalation can be fatal [9]. 
It is known that ClO2 gas cannot be compressed without detonation. It has been noted that 
induction periods, as small as a few seconds, are present to detonation above aqueous 
concentrations of 4% w/w ClO2 (40 g/l). At this concentration, the partial pressure of ClO2 gas 
above the solution gives rise to a critical concentration of ClO2 gas in air which can lead to 
spontaneous detonation with a violent release of energy and conversion to chlorine and oxygen. 
The exact mechanism of explosive decomposition of ClO2 gas is explored in more depth within 
this report in later sections. 
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100% w/w liquid ClO2 is also explosive at temperatures higher than 40
oC [9] [10]. Due to this 
reason, liquid ClO2 cannot be shipped and must be generated on-site at the point of use as a 
gas, dissolved in aqueous solution. 
Typically, aqueous ClO2 solutions within the reactor of a commercial ClO2 generator system 
can vary between 3,000 – 50,000 mg/l with none of the adverse effects described above. It must 
be noted that it is the gaseous ClO2 above a concentrated aqueous solution that is of concern, 
rather than the solution itself. Anything that releases ClO2 from solution can therefore be a 
potential hazard; e.g. accidental acidification of stored sodium chlorite solutions can lead to an 
uncontrollable release of ClO2 gas within the restricted headspace of plastic storage drums. The 
situation can then approach the dangerous ClO2 in air concentration limits described above. 
One other important physical property of ClO2 is its high solubility and low hydrolysis rate in 
water, particularly at low to ambient operating temperatures. At 25oC, ClO2 is approximately 
23 times more concentrated in the aqueous phase rather than gas phase at atmospheric pressure 
(760mmHg), under which there is a vapour liquid equilibrium. The water solubility of ClO2 
gas is heavily dependent on temperature and pressure. For example, at 20oC, the solubility 
limit is around 70 g/l, but it is difficult to attain or maintain this concentration. As way of a 
direct comparison, the solubility limit of chlorine is only around 7 g/l at the same conditions 
[11]. Figure 7 shows a set of curves showing solubility versus partial pressures at various 
temperatures. 
Figure 7 - Solubility vs Partial Pressure for ClO2[7b] 
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ClO2 remains soluble in an aqueous solution as a dissolved gas but is always extremely volatile 
and can be readily removed by agitation or aeration. This makes unit operations, such as air 
stripping in packed columns, ideal units to remove ClO2 from liquid solutions provided the 
concentration is kept below the explosive threshold. Agitation is presumed to involve 
dissolution of air at the expense of ClO2 and for this reason, ClO2 concentrations in solution 
are unstable within an open vessel, particularly at higher temperatures. In addition, ClO2 
solutions are susceptible to photolytic degradation which is a function of both time and 
intensity of the UV light (as part of the light source). It has been documented the ClO2 solutions 
will maintain their concentration from a few days to several months if stored correctly – that 
is, refrigerated and stored in complete darkness [12][13]. 
2.2.2 Method of ClO2 Gas Removal 
ClO2 is normally removed from a reactor under partial vacuum using a motive eductor. As 
ClO2 is a gas dissolved in water, according to Henry’s Law, this states that the amount of 
dissolved gas (ClO2) is proportional to its partial pressure in the gas phase. If the gas above the 
solution is continually removed, the maintained ClO2 concentration in solution (produced by 
the continual injection of precursor chemicals into the steady-state reactor) will continue to 
release more gas above the solution to be removed by the eductor. So long as the aqueous 
concentration of ClO2 is maintained, a significant proportion of the ClO2 gas will be removed 
from the reactor under vacuum which has significant commercial benefits for both a ClO2 
generator and a sodium chlorite production plant. 
In addition, as most ClO2 chemistries are equilibrium reactions, by removing the ClO2 gas from 
the reactor liquor should result in the unspent reactants generating more ClO2 gas according to 
Le Chatelier’s Principle, which states that “in a dynamic equilibrium system, if the process 
conditions are disturbed, the position of equilibrium moves to counteract this change”. 
Both phenomena are proposed to act synergistically to generate the maximum amount of ClO2 
gas for commercially beneficial applications. 
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2.2.3 Henry’s Law and ClO2 
Henry’s Law coefficient is often defined as follows: 
𝐻𝐶𝑃 =
𝐶𝐴
𝑃𝐴
          Equation 2.7 
Where CA is the concentration of a species A in the aqueous phase and PA is the partial pressure 
of that species in the gas phase under equilibrium conditions. The SI units for HCP is mol/m
3 
Pa. However, often the unit M/atm is used, since CA is usually expressed in M (1M = 1 
mol/dm3) and P in atm (1 atm = 101325 Pa) [43]. For ClO2, HCP = 0.84 mol/kg bar at 20
oC [7] [9b] 
The Henry solubility can also be expressed as the dimensionless ratio between the aqueous 
phase concentration CA of a species A and its gas-phase concentration, CG 
[44]: 
𝐻𝐶𝐶 =
𝐶𝐴
𝐶𝐺
         Equation 2.8 
For an ideal gas, the conversion is: 
𝐻𝐶𝐶 = 𝐻𝐶𝑃 × 𝑅𝑇        Equation 2.9 
Where R is the gas constant and T is the temperature in Kelvin. 
This dimensionless constant is also called the “water-air portioning coefficient” and is closely 
related to the Ostwald Coefficient.  
 
  
  
 30 
2.2.4 Temperature Dependence 
When the temperature of a system changes, the Henry constant also changes [44]. The 
temperature dependence of equilibrium constants can generally be described with the van’t 
Hoff equation, which also applies to Henry’s Law constants: 
𝑑 ln 𝐻 
𝑑(
1
𝑇
)
=  
−∆𝑠𝑜𝑙𝐻
𝑅
        Equation 2.10 
Where the enthalpy of solution is related to the gas constant. Note that the H is related to 
enthalpy and is not related to Henry’s constants. Integrating the above equation based on the 
reference temperature: T = 298.15K yields: 
𝐻(𝑇) = 𝐻𝑜 × exp [
−∆𝑠𝑜𝑙𝐻
𝑅
(
1
𝑇
−
1
𝑇𝑜
)]      Equation 2.11 
The van’t Hoff equation in this form is only valid for a limited temperature range in which the 
enthalpy of solution does not change much with temperature [44]. 
Solubility of permanent gases usually decreases with increasing temperature of the solution at 
around room temperature. Often, the smaller the gas molecule (and the lower the gas solubility 
in water), the lower the temperature of the maximum of the Henry’s Law constant.  
In practical terms for the design of any ClO2 reactor, operating temperature will be a key 
characteristic to consider. Many of the commercial products will be deployed in the Middle 
East region whereby operating temperatures and temperatures of stored precursor chemicals 
will be more than 50oC. 
This could be potentially very beneficial for maximising the ClO2 gas output of the reactor as 
the rate of evolution of ClO2 gas which is subsequently stripped out under partial vacuum by 
using an eductor is increased exponentially. The percentage of available ClO2 gas above the 
solution will be heightened further still by the synergistic effect of Le Chatelier’s Principle 
acting to re-adjust the equilibrium position as ClO2 gas is removed and Henry’s vapour-liquid 
phenomena described above. 
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For ClO2 gas, over an aqueous solution of ClO2, the partial pressure has also been quoted as an 
exponential function of temperature as: [44b]: 
?̂?𝐶𝑙𝑂2 = 𝐶𝐶𝑙𝑂2𝑒
10.717−
3102
𝑇        Equation 2.12 
 
Where: ?̂?𝐶𝑙𝑂2is the partial pressure of ClO2 (kPa) 
  𝐶𝐶𝑙𝑂2 is the concentration in g/L 
  T is the absolute temperature (K) 
 
2.3 Explosive Decomposition of ClO2 
It is an important consideration for any process which uses ClO2 to primarily consider the 
gaseous species’ explosive decomposition mechanisms. The sodium chlorite production 
processes discussed later in this report use the gaseous species of ClO2 extensively as part of 
the technology. Due to the obvious health and safety concerns with this detonation mechanism, 
this becomes a very significant design criterion. 
Firstly, it should be noted that aqueous ClO2 does not display any explosive characteristics and 
this discussion covers the gaseous phase. By explosion, it is taken that the molecule undergoes 
decomposition to its constituent components (chlorine and oxygen) with the associated 
increase in volume. 
As a result of the literature survey carried out as part of this MPhil project, the history of ClO2 
and its explosive decomposition was found to exist as early as 1930s. Prior to the research, 
Scotmas Ltd had little in the way of documented reasons for the decomposition, understanding 
only that the concentration had to be kept to below 8% by volume in air. 
When ClO2 gas is placed within a sealed container, under certain circumstances the gas can 
decompose energetically to form chlorine and oxygen [7b]. Depending on a number of factors, 
there is always an induction period, t, which is then followed by an explosive decomposition. 
It should also be noted that during the time t, there is no defined temperature increase within 
the vessel [7b]. 
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Several factors will affect the duration of the induction period, t: 
• ClO2 gas partial pressure 
• vessel surface to volume ratio 
• temperature within the vessel  
 
Following the explosion propagation, the ensuing force exerted within the container is 
determined by ClO2 concentration, the presence of oxidizable material and the geometry of the 
vessel [14]. 
The relationship between maximum pressure (relative to the initial pressure) exerted within the 
reaction vessel during detonation and ClO2 concentration in air is provided in the table below: 
 ClO2 Concentration (vol % in air) 
10 20 30 40 50 60 70 80 90 
Maximum 
Pressure 
exerted 
(MPa) 
0.024 0.203 0.213 0.257 0.451 0.473 0.514 0.621 0.641 
Induction 
time (ms) 
2195 52.80 49.60 40.00 33.60 14.40 9.60 8.00 8.00 
Table 2 – Values of maximum pressure (MPa) and induction time (ms) for increasing gaseous ClO2 
concentrations within ClO2 decomposition events [21] 
From Table 2 it can be seen that, when ClO2 decomposition occurs, the maximum pressure 
exerted within the vessel increases dramatically as the gaseous ClO2 concentration increases 
above the liquid solution. Conversely, the induction time is also sharply reduced (from over 2 
seconds to less than 8 milliseconds) when the ClO2 gaseous concentration is increased from 10 
to 90% by volume. 
Schumacher and Stieger (1930) [15] reported the results of experimental work involving the 
slow decomposition of ClO2 gas between 39
oC and 45oC (102oF to 113oF) and with partial 
pressures varying between 100 to 400 mmHg. They noted that an explosion would consistently 
occur when ClO2 was stored in a quartz vessel. Furthermore, other factors were investigated 
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including the induction time, which was found to be a function related to temperature, pressure 
vessel geometry, irradiation presence and the presence of other gases. 
Haller and Northgraves [16], in 1955, reported the results of their study into the flame 
propagation velocities in a ClO2-air system. Within this work, it was described that ClO2 
vapour with a vapour pressure equal to our greater than 80 mmHg will “mildly” decompose 
with a popping noise which has been later termed as a “puff” by those within the industry. The 
mild decomposition was proposed so as to distinguish between this type of decomposition and 
an explosion. The work also concluded that the velocity of the decomposition wave was 1 m/s 
at 130 mmHg ClO2 and 2.8
oC (37oF) and 2 m/s at 207 mmHg, with the same temperature within 
the reaction vessel [16]. In contrast, the velocity of a decomposition wave for what is accepted 
to be an explosive decomposition was found to be in the region of 300 m/s. In addition, when 
the ClO2 partial pressure exceeded 300 mmHg, ClO2 was able to detonate.  
McHale and von Elbe [17] later reported their findings into the explosive decomposition of ClO2 
gas between 54oC to 134oC (129 – 273oF) and from partial pressures ranging from 0.2 – 40 
mmHg. They noted that explosions generally occurred above 54oC (129oF) with 
uncontaminated ClO2 gas with a lower temperature limit of 45
oC (113oF). Induction times were 
found to vary greatly, being as low as 3 seconds in some cases and as great as 18 minutes in 
others. The induction time was dependent on temperature and pressure within the vessel. It is 
counter-intuitive to consider, but important nonetheless, when McHale and von Elbe later 
investigated the presence of an inert gas and the effect on ClO2 decomposition. What was 
discovered was that, in the presence of an inert gas, the induction time was considerably 
reduced and the inert gas did not provide the blanketing effect that most would consider normal. 
Their work also confirmed previous assertions by others that the surface to volume ratio within 
the reaction vessel was an important factor in any decomposition mechanism. This work, for 
the first time, also proposed a mechanism for the explosive decomposition which considered 
the degradation to be a degenerate, branch-chain forming reaction which included the 
formation of an unstable intermediate, Cl2O3.  
In later work by Gray and Ip (1972) [18], they reported their results following an investigation 
of the explosive characteristics of ClO2 vapour both pure and in the presence of other inert 
gases. They contradicted the earlier work of McHale and von Elbe and hypothesised that the 
intermediate responsible for the ultimate explosive decomposition was not Cl2O3, based on 
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thermodynamic considerations [18]. They also concluded that the container or vessel walls had 
a major impact on the initiation and termination steps within the detonation reaction. Gray and 
Ip also investigated the gaseous decomposition mechanism over 42oC to 86oC (108 – 187 oF), 
with a ClO2 partial pressure range of 1 – 35 mmHg. They found that, under all experimental 
conditions, ClO2 explosion would always occur if sufficient time was allowed and this wait 
may be up to several hours long. 
In 1976 Torregrossa et al [19], carried out experiments to study of the decomposition rate of 
ClO2 in order to determine requirements for the pressure relief system for the first commercial 
gas-phase ClO2 bleaching reactor to ensure its safe operation. The results demonstrated that 
water vapour has a strong inhibiting effect on ClO2 decomposition. Detonation was not 
observed at all in this work, even up to concentration of 35% v/v ClO2 in air (ClO2 partial 
pressure of 310 mmHg). 
In much more recent work carried out in 1994, Lopez et al reported the findings of their study 
into the slow thermal decomposition of ClO2 vapour at temperatures between 45 and 60
oC (113 
and 140oF) and with ClO2 partial pressures ranging between 4 – 120 mmHg. They discovered 
that, during the induction period and immediately prior to explosion, no decomposition was 
observed [20]. Furthermore, they also postulated a quadratic chain-branching reaction 
mechanism with initiation and termination steps at the container/vessel walls. They also 
proposed that ClO- and Cl- free radicals are the most likely branch-chain forming species. 
Research carried out in China in 2008 has also cast some reasonable doubt on the findings of 
Lopez et al. The work by Jin et al in 2008 [21], re-establishes Cl2O3 as the main branch-chain 
forming species intermediate and also reports further details of their findings into the explosive 
characteristics of ClO2 within a 20-litre sealed cylinder “exploder” container. The presence of 
Cl2O3, and Cl2O6, in this decomposition mechanism was confirmed by FTIR spectroscopy 
[21]. 
Furthermore, a 9.5% v/v limit was confirmed (as has been proposed in other work) and no 
explosions or decompositions were noted to have occurred at or below this volumetric 
concentration of ClO2 in air.  
As has been confirmed earlier, the explosion of ClO2 gas is of a degenerative chain branching 
type involving the formation of a stable intermediate. Jin et al propose that within the present 
case a mixture of dark-brown solid forms of Cl2O6 and Cl2O3 are immediately formed. The 
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latter intermediate then gives rise to chain-branching. The Cl2O3 volatilizes readily and the 
Cl2O6 remains involatile, thereby permitting a distinct separation. This leads to an 
accumulation of Cl2O6 on the container walls whilst the Cl2O3 transmits into the ClO2 gaseous 
phase. It is proposed that the following generic mechanism is followed [21]: 
𝑅 
𝑖
→  𝑥 + ⋯ (𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛) 
𝑅 + 𝑥 
𝑝
→  𝐼 + ⋯ (𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛) 
𝐼 + 𝑥 
𝑏
→  𝑛𝑦 + ⋯ (𝑏𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔) 
𝑅 + 𝑦
𝑏′
→  𝑚𝑥 + ⋯ (𝑏𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔) 
𝑦
𝑡
→ (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) 
Within the above mechanism, R is the reactant, x and y are the highly reactive species (free 
radicals), I is the stable intermediate and n and m are the branching coefficients with a value 
greater than or equal to 2. 
As the above mechanism is applicable to ClO2, the mechanism of ClO2 degradation is proposed 
as follows, immediately after ignition: 
2𝐶𝑙𝑂2 ⟶ 𝐶𝑙𝑂 + 𝐶𝑙𝑂3 (𝑖𝑛𝑖𝑡𝑖𝑎𝑡𝑖𝑜𝑛) 
This reaction accounts for the formation of ClO3 which was found in the reaction mixture, it 
also has a low enthalpy and low activation energy: 
𝐶𝑙𝑂2 + 𝐶𝑙𝑂 ⟶ 𝐶𝑙2𝑂3 (𝑝𝑟𝑜𝑝𝑎𝑔𝑎𝑡𝑖𝑜𝑛) 
This association reaction is responsible for the stable intermediate Cl2O3. As the concentration 
of this species increases, the following reaction with the ClO free radical takes precedence: 
𝐶𝑙𝑂 +  𝐶𝑙2𝑂3  ⟶  𝐶𝑙𝑂2 + 𝐶𝑙𝑂𝑂𝐶𝑙 (𝑏𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔) 
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The above reaction would lead to branching and rapid explosion through ClOOCl, which is 
believed to be a free radical species similar in behaviour to ClOO. It follows then that ClOOCl 
will dissociate in the following mechanism before continuing with branching reactions with 
produced Cl atoms, as per steps 4, 5 and 6: 
𝐶𝑙𝑂𝑂𝐶𝑙 ⟶ 𝐶𝑙𝑂𝑂 +  𝐶𝑙 (𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛) 
𝐶𝑙𝑂𝑂 ⟶ 𝐶𝑙 +  𝑂2 (𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑜𝑛) 
𝐶𝑙 + 𝐶𝑙𝑂2  ⟶ 2𝐶𝑙𝑂 (𝑏𝑟𝑎𝑛𝑐ℎ𝑖𝑛𝑔) 
𝐶𝑙 +  𝐶𝑙𝑂2 ⟶   𝐶𝑙2 + 𝑂2 (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) 
𝐶𝑙 ⟶
1
2
𝐶𝑙2 (𝑡𝑒𝑟𝑚𝑖𝑛𝑎𝑡𝑖𝑜𝑛) 
In steps 7 and 8 above, the predominant termination reactions were determined by analysis of 
the kinetics. Jin et al propose that the reaction equations shown in 7 and 8 above adequately 
describe this process [21]. 
In summary, gaseous ClO2 can decompose explosively as a function of partial pressure and 
temperature. The decomposition activation energy can be provided by a spark, UV irradiation 
or molecular collisions with the vessel/container walls. The induction time prior to the 
decomposition can be substantially decreased by the presence of impurities, which can include 
gaseous organics and/or oxidizable materials, which include rubber, cork or sulphur. At a 
constant temperature, as the partial pressure of ClO2 increases, the exothermic energy (by 
definition, the “violence of reaction”) released also increases.  
Above 45oC (113oF), which is regarded as the lower temperature limit, ClO2 vapour always 
appears to decompose, regardless of partial pressure. Below 30oC (86oF), ClO2 has not 
exhibited any explosive decomposition properties, even at partial pressures in excess of 50 
mmHg. 
It therefore follows that 50 mmHg has been accepted as a conservative safe upper limit for the 
partial pressure of ClO2 vapour. This corresponds to approximately 7 mol% ClO2 in air. 
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What should also be noted is that many ClO2 users state that solutions above 3500 mg/l cannot 
be generated safely. This is misleading as concentrations up to 60,000 mg/l ClO2 can be safely 
generated if there is no headspace for ClO2 vapour above the solution to propagate ClO2 vapour 
concentrations in excess of 9.5% v/v or 50 mmHg [7b]. 
The above explosion mechanism, which is controlled by limiting the ClO2 vapour partial 
pressure or the abundance of the ClO2 gas in air volumetrically, is critical to the design of any 
ClO2 plant or sodium chlorite production process which utilises ClO2 gas as an intermediate 
reaction product, which is the ultimate objective of this report. Specific attention must be given 
to the required diluent air flowrates, operating temperature/pressure of the reactor, reaction 
chemistries and how this affects the design of equipment including ClO2 reactors, stripping 
columns, absorption columns, relief valves, pipework, etc. 
2.4 Comparison of Existing ClO2 Technologies 
As demonstrated earlier, ClO2 is an important feedstock for the water treatment and paper/pulp 
bleaching industries. As such, several competing technologies and chemistries have been 
developed since the late nineteenth century mainly to produce aqueous ClO2 solution at various 
concentrations, dependent on the process demand. 
The technologies explored within this section include electrochemical reactions, multiphase 
reactions and homogenous phase reaction chemistries using a diverse array of precursor 
chemicals. The target production rate from the industrial unit was to be 2880 kg/day (120 kg/hr) 
ClO2 100% w/w to produce the required quantity of 1000 tpy 31% w/w sodium chlorite. 
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2.4.1 Electrochemical Activation of Sodium Chlorite [12] [22] [23] 
 
 
In basic terms, this ClO2 production method uses electricity and aqueous sodium chlorite 
solution. An electrical current is applied to a cathode and anode within an electrochemical cell 
containing sodium chlorite solution. The result is a series of electrochemical reactions at each 
electrode, one of which leads to the production of ClO2. The various chemical reactions are 
depicted in Figure 8. 
The design of the electrochemical cell for this technology always involves a membrane 
separating both electrodes. A major advantage of this technology is that only one precursor 
chemical is required, which results in this technology being termed as “acid-free”. It is also a 
pre-requisite for the design of such a cell that the water that is injected into the cell to dissolve 
and dilute the produced ClO2 gas is softened to prevent electrode fouling by hardness salts. The 
regeneration of such a softening process would involve the use of other chemicals, out with the 
scope of ClO2 production.  
To prevent further oxidation of the produced ClO2 to perchlorate (ClO4
-), the ClO2 gas is 
usually removed quickly by a gas stripper column or by passing the gas through a membrane. 
As mentioned above, the major advantage of this technology is that only one precursor is 
required (sodium chlorite solution) and a power source. However, a major disadvantage of this 
technology is that the electrochemical cells can only produce limited quantities of ClO2 and are 
therefore not suitable for larger utilities. The technology is well understood as it has been 
deployed in the paper and pulp industry for many years for bleaching applications and has only 
Figure 8 - Electrolytic Reaction [12] 
  
 39 
recently been deployed within the water treatment industry on smaller applications. Currently 
available generators can produce between 23 – 68 kg/day of ClO2 although other larger units 
have been proposed which are capable of up to 136 kg/day. 
In terms of the electrochemistry within the cell, this may appear to be straightforward but there 
are a number of related chemical reactions apart from the formation of ClO2. The ClO2 gas is 
produced within the electrochemical cell at the anode by one-electron transfer from the sodium 
chlorite solution precursor: 
𝐶𝑙𝑂2(𝑎𝑞)
−  → 𝐶𝑙𝑂2(𝑔) + 𝑒
−       Equation 2.13 
A competing reaction at the anode, the electrolysis of water, produced oxygen: 
2𝐻2𝑂(𝑙)  →  𝑂2(𝑔) + 4𝐻(𝑎𝑞)
+ + 4𝑒−      Equation 2.14 
At the cathode, hydroxyl ions and hydrogen gas are produced: 
2𝐻2𝑂(𝑙) + 2𝑒
−  →  𝐻2(𝑔) + 2𝑂𝐻(𝑎𝑞)
−       Equation 2.15 
As part of the design, the hydrogen gas is diluted with air and vented. The hydroxyl ions react 
with sodium ions contributed by the sodium chlorite solution to produce dilute sodium 
hydroxide solution. The overall reaction at the anode and cathode is shown below: 
2𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 2𝐻2𝑂(𝑙)  → 2𝐶𝑙𝑂2(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) +  𝐻2(𝑔)   Equation 2.16 
The caustic solution produced by this process is dilute but has a high purity and can be used to 
adjust the pH of the process water. Under acidic conditions, created by the electrolysis of water 
in Equation 2.14, chlorate ions can also be produced from the chlorite ion: 
4𝐶𝑙𝑂2(𝑎𝑞)
− + 2𝐻(𝑎𝑞)
+  → 2𝐶𝑙𝑂2(𝑎𝑞) + 𝐶𝑙𝑂3(𝑎𝑞)
− +  𝐶𝑙(𝑎𝑞)
− + 3𝐻(𝑎𝑞)
+ + 𝐻2𝑂(𝑙)   
Equation 2.17 
Under predominating alkaline conditions, created by the hydroxyl ion production above in 
Equation 2.15, ClO2 can disproportionate to form both the chlorate and chlorite ion: 
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2𝐶𝑙𝑂2(𝑎𝑞) + 2𝑂𝐻(𝑎𝑞)
−  → 𝐶𝑙𝑂3(𝑎𝑞)
− + 𝐶𝑙𝑂2(𝑎𝑞)
− + 𝐻2𝑂(𝑙)   Equation 2.18 
An adverse side reaction can also lead to the production of small amounts of elemental chlorine 
from the chloride ion found within the feedstock sodium chlorite solution if the cell pH is less 
than 5. Chlorine production will be much more significant should the pH be less than 2.5. The 
equation describing this is as follows: 
2𝐶𝑙(𝑎𝑞)
−  →  𝐶𝑙2(𝑔) + 2𝑒
−       Equation 2.19 
The elemental chlorine produced within this reaction will dissolve in water to form 
hypochlorous acid (HOCl) and hydrochloric acid (HCl). This will further depress the pH of the 
solution: 
𝐶𝑙2(𝑔) + 𝐻2𝑂(𝑙)  ↔ 𝐻𝑂𝐶𝑙(𝑎𝑞) + 𝐻𝐶𝑙(𝑎𝑞)     Equation 2.20 
The relative amounts of elemental chlorine and hypochlorous acid shown above are dictated 
by the solution pH, with more Cl2 present at lower pH. Both acids can result in low purity ClO2 
by forming chlorate ions or remaining in solution as free chlorine.  
Small amounts of carbon dioxide produced from the reaction of the carbonate ion found in 
small quantities in the sodium chlorite feedstock will be present in the gaseous ClO2 stream, 
along with O2 produced from the electrolysis of water in Equation 2.14. 
In terms of operating parameters, the hydrogen gas is removed and diluted with air to one 
quarter of the explosion limit and vented to atmosphere. ClO2 is removed from the anode 
section of the electrochemical cell to prevent the oxidation to chlorate and possibly perchlorate, 
as described above.  
2.4.2 Acidification of Sodium Chlorite Solution 
In this technology, ClO2 is produced by chlorite ion acidification which forms the chlorous 
acid intermediate (HClO2) which then disproportionates to form ClO2. In the balanced chemical 
equation, 5 molecules of sodium chlorite are required to form 4 molecules of ClO2; thus, the 
reaction is said to be 80% “efficient” by generator manufacturers. In truth, what is meant by 
“efficient” is that the yield of ClO2 is only 80% based on the available chlorite ions and it is 
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entirely possible to design a generator with >90% conversion efficiency from chlorite to ClO2. 
This conversion efficiency is governed by the reactor design, reactor temperature and reaction 
equilibrium.  Although the reaction appears to be fairly simple in Equation 2.21, it is actually 
a summary of a variety of competitive reactions. Under different operating conditions, one 
reaction will predominate. As reaction conditions move away from what is deemed to be the 
optimum operating characteristics for this chemistry, other side reactions become important, 
and as a result, significant losses in reaction efficiencies can be the result. Hydrochloric and 
sulphuric acids are generally deployed for this application, with hydrochloric predominating 
due to the chloride ion acting as a catalyst for the reaction [24].  
The use of sulphuric acid generally leads to a marked decrease in ClO2 production. It is said 
that the reaction is 50% “efficient” since 4 moles of sodium chlorite produce only 2 moles of 
ClO2, as shown in Equation 2.22. Once more, this “efficiency” statement is related to the 
conversion of chlorite ions to ClO2 molecules and is actually in reference to maximum 
available yield. Several manufacturers have developed systems that produce ClO2 from this 
method with >70% conversion efficiency [7b].  This reduced conversion efficiency, when 
compared to hydrochloric acid systems, is exacerbated by the fact that the use of sulphuric acid 
results in a hot ClO2 solution due to the exothermic nature of the precursor chemical. The ClO2 
is therefore more volatile within this situation which leads to rapid off-gassing of the product. 
For these reasons, the use of sulphuric acid is not a very common practice. 
5𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 4𝐻𝐶𝑙(𝑎𝑞)  → 4𝐶𝑙𝑂2(𝑎𝑞) + 5𝑁𝑎𝐶𝑙(𝑎𝑞) + 2𝐻2𝑂(𝑙)  Equation 2.21 
4𝑁𝑎𝐶𝑙𝑂2(aq) + 2𝐻2𝑆𝑂4(aq)  → 2𝑁𝑎2𝑆𝑂4(aq) + 2𝐶𝑙𝑂2(aq) + 𝐻𝐶𝑙(𝑎𝑞) + 𝐻𝐶𝑙𝑂3(aq) + 𝐻2𝑂(𝑙)
          Equation 2.22 
Some work has noted that there are several reaction chemistries for the production of ClO2 
from the chlorite ion. Equation 2.23 below is said to occur in the absence of the catalysing 
chloride ion [25]: 
4𝐶𝑙𝑂2(𝑎𝑞)
− + 2𝐻(𝑎𝑞)
+  → 2𝐶𝑙𝑂2(𝑎𝑞) + 𝐶𝑙(𝑎𝑞)
− + 𝐶𝑙𝑂3(𝑎𝑞)
− +  𝐻2𝑂(𝑙)  Equation 2.23 
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Generators which use this chemistry are used in smaller applications, typically less than 1 kg/hr 
ClO2. The relatively high cost of the sodium chlorite precursor, when compared to others, 
makes this method approximately 25% more expensive than other comparative technologies. 
To allow the reaction between acid and chlorite ion to proceed with a suitable degree of speed 
and efficiency, the pH of the reactor must be < 0.5 [26], which therefore requires an excess of 
acid than what the stoichiometry calls for. 
One major advantage of this technology is that no free chlorine has been reported as a side 
product. Others have also indicated that hypochlorous acid is present as a reaction intermediate 
[26]. The percentage yield of the reaction (i.e. the % yield of the 80% “efficient” reaction) is 
dependent on concentration of reactants, sodium chlorite purity and reactor conditions, 
including reaction temperature and pH. 
2.4.3 Chlorate Ion Reduction 
Almost all large-scale applications of ClO2 are exclusively managed by chlorate-based 
generators [27]. The chemistry involved in this technology is as follows: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 
1
2
𝐻2𝑂2(𝑎𝑞) +  
1
2
𝐻2𝑆𝑂4(𝑎𝑞)  → 𝐶𝑙𝑂2(𝑎𝑞) +  
1
2
𝑂2(𝑔) +  
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) +  𝐻2𝑂(𝑙) 
          Equation 2.24 
It has been shown that the relationship between sodium chlorate and hydrogen peroxide is 
relatively fixed. Major benefits of this technology are that no free chlorine is produced and 
there is a theoretical maximum molar conversion of 100% (i.e. 1 mole chlorate to 1 mole ClO2). 
In addition to the fixed relationship between chlorate and peroxide, approximately 78% w/w 
sulphuric acid is also required. As this reaction requires excess acid to proceed, the generator 
effluent has a relatively low pH which may prove to be troublesome in engineering applications 
in terms of materials compatibility and process safety. Within the reactor, a ClO2-containing 
froth is produced and absorbed into a motive water stream. As the reaction itself is exothermic, 
due to the presence of sulphuric acid, it is usual to include temperature and pressure monitoring 
within the reactor. 
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Even although an excess of hydrogen peroxide is used within the above chemistry, the 
temperature within the reactor is likely to lead to a thermal decomposition of the peroxide to 
form water and elemental oxygen. In practice, no peroxide has been detected in the generator 
effluent [22]. What should also be noted is that no perchlorate is produced as a side reaction by 
this chemistry. 
2.4.4 Evaluation of Existing Technologies 
As ClO2 is an important intermediate in the production of sodium chlorite, the subject of this 
thesis, it is of paramount importance to produce ClO2 as efficiently as possible which will in 
turn maximise sodium chlorite production downstream.  
As has been demonstrated above, most technologies used to produce ClO2 require the use of 
sodium chlorite solution. It is readily obvious that any inefficiencies present in producing ClO2 
from sodium chlorite solution will manifest in the final sodium chlorite product. In addition, it 
does not make logical sense to investigate a reaction route which essentially recoups the initial 
reactants, at a reduced efficiency. Therefore, the only practical alternative that prevails is the 
reduction of the sodium chlorate ion.  
In addition, this chemistry is not beset by efficiency issues (i.e. a 100% molar efficiency is 
theoretically possible) and does not produce side products such as excess peroxide and/or free 
chlorine. However, in terms of the reactor engineering aspects of any potential process using 
these reactants (sodium chlorate solution, hydrogen peroxide and sulphuric acid), the influence 
of reactor temperature and pH on ClO2 production will need to be reviewed and assessed as 
part of the study. 
Later in this thesis (Chapter 5), an assessment is made of the efficiency of a sodium chlorite 
production process which will use sodium chlorate, sulphuric acid and hydrogen peroxide as 
the reactants to produce the intermediate ClO2 gas, which is laterally used for sodium chlorite 
production. This assessment will consider the influential factors detailed above. 
2.5 Existing Technologies for Sodium Chlorite Production 
Sodium chlorite (NaClO2) is an important feedstock in many ClO2 installations. Generally, it 
is produced either in large mass quantities as flakes or as an aqueous solution from ClO2 gas 
and sodium hydroxide and hydrogen peroxide solution. Its use as a bleach for textiles was first 
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discovered during the 1920s. Today, sodium chlorite is an important specialty chemical with 
sales over $18 million annually [28].  
One of the main reasons to object to the use of ClO2 is the cost to produce it on-site. This 
relatively high on-site production cost per kg is directly related to the cost per kg of the 
precursor sodium chlorite. Sodium chlorite is significantly more expensive than other 
precursors for the simple reason that the cost to produce sodium chlorite is relatively high. For 
example, a 1997 trial at the El Paso Water Utilities Canal in Texas, USA had sodium chlorite-
based technology (Rio Linda, Vulcan) at a price $2.04 per lb of ClO2 whereas sodium chlorate 
technology (Eka Chemicals) was at a price of $1.84. These are 1997 prices to illustrate the 
difference in price.  The Rio Linda method uses the chlorite-chlorine gas method to generate 
ClO2, with the sodium chlorite supplied as a 25% w/w solution. The stoichiometric mass of the 
solution required led to a cost at $1.92 per lb of ClO2, thereby making up 94% of the overall 
cost per lb of ClO2 
[28], with the required chlorine gas almost being negligible in comparison. 
As a direct result of the trial between both systems, the Rio Linda system manufacturer was 
forced to significantly drop their costs to make the system more attractive to the end user when 
compared to sodium chlorate supplied by Eka Chemicals. 
The Eka Chemicals system also had the added benefits of zero chlorite and zero chlorine (hence 
vastly reduced THM) production, when compared to its chlorite-consuming counterpart [28]. 
In its dried state, sodium chlorite is a white or light yellow-green solid. The greenish tint comes 
from trace amounts of CdO2 or iron, which are production residuals. Sodium chlorite has a 
molecular weight of 90.5 and decomposes at about 392°F (200°C). It is generally soluble in 
water and its solubility increases as the temperature of the water rises.  
As a textile-bleaching agent, sodium chlorite is also effective with various fibres. It can be used 
on cotton, bast fibres, and man-made fibres like nylon, Perlon, Dralon, and Rhovyl. It has an 
oxidizing effect on many of the natural waxes and pectins found in cellulose fibres. It helps 
solubilize them and makes the fibre more even and workable. It has the added benefit of 
destroying natural colour matter without attacking the fibres themselves. This makes it useful 
for making permanent white fabrics without compromising tensile strength.  
  
 45 
The development of sodium chlorite as an industrial chemical began in the 1920s when it was 
found that cellulosic fibres could be purified with ClO2 without being appreciably damaged. 
However, as discussed earlier, ClO2 gas is extremely explosive at high concentrations. These 
discoveries prompted researchers to look for safe and economical ways to deliver ClO2 for 
bleaching purposes. The first company to introduce sodium chlorite for this purpose was the 
Mathieson Chemical Corporation.  
Sodium chlorite was primarily manufactured using a variety of different methods. In one 
published paper dating to 1950 by Holst [29], ClO2 gas was reduced by carbon powder which 
was dispersed in a solution of sodium hydroxide and calcium hydroxide. The balanced equation 
for the reaction is shown below in Equation 2.25: 
4𝐶𝑙𝑂2(𝑎𝑞) + 4𝑁𝑎𝑂𝐻(𝑎𝑞) + 𝐶𝑎(𝑂𝐻)2(𝑎𝑞) + 𝐶(𝑠) → 4𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 𝐶𝑎𝐶𝑂3(𝑎𝑞) + 3𝐻2𝑂(𝑙) 
          Equation 2.25 
The calcium carbonate and any remaining elemental carbon were filtered out and the sodium 
was allowed to dry leaving sodium chlorite flakes on an 80 – 88% dry weight basis. 
In another process developed through the 1940s, ClO2 gas was reduced with zinc dust dispersed 
in water to form zinc chlorite [30]: 
2𝐶𝑙𝑂2(𝑔) + 𝑍𝑛(𝑠) → 𝑍𝑛(𝐶𝑙𝑂2)2(𝑎𝑞)      Equation 2.26 
The zinc chlorite was then covered to sodium chlorite by reaction with caustic soda. This 
resulting solution was filtered and dried to obtain the produced sodium chlorite flakes. 
However, this process was deemed to be economically unviable due to the low yield of sodium 
chlorite from the ClO2 gas precursor. 
Almost all sodium chlorite production processes that have been patented have involved the use 
of a reducing agent present in alkaline media reacting with ClO2 gas. These reducing agents 
include hydrogen peroxide, ammonia and various metals, including: silver, nickel, manganese, 
copper, cobalt, iron and even gold [31] [32]. 
  
 46 
The most common method of sodium chlorite production today is to produce ClO2 gas from a 
large-scale sodium chlorate-based generator, reacting the sodium chlorate with hydrochloric 
acid. The produced ClO2 gas is then dissolved in a very cold aqueous solution and the pH is 
reduced to remove the molecular chlorine gas from the solution. Finally, the ClO2 solution is 
reduced to sodium chlorite by using hydrogen peroxide in an alkaline solution, which is 
generally through the use of sodium hydroxide [9] [25]. The reaction chemistry is shown below 
in Equation 2.27 and 2.28: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 2.27 
2𝐶𝑙𝑂2(𝑎𝑞) + 𝐻2𝑂2(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) → 2𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 𝑂2(𝑔)   
          Equation 2.28 
This process is the chemistry that will be discussed in more depth throughout this thesis. This 
section provides a more detailed process overview in terms of the raw materials involved in 
the above reaction chemistry, the manufacturing process for chlorite and ClO2 gas, how the 
chlorite is isolated from aqueous solution and purified (if required) and finally, quality control 
of the reaction products. 
2.5.1 Raw Materials  
From equation 2.28, the primary raw materials used in the production of sodium chlorite are 
ClO2, sodium hydroxide and hydrogen peroxide. As discussed, ClO2 is a gas at standard 
temperature and pressure and its colour is intensely greenish-yellow. If intermediate storage is 
required, ClO2 is stored as a dilute aqueous solution (< 6 g/l) in either GRP lined steel or 
titanium vessels [33]. 
Sodium hydroxide is a fused solid with a crystalline structure. Also known as caustic soda, it 
is corrosive to skin and vegetable tissue, causing severe burns. It is typically produced through 
the electrolysis of sodium chloride solutions and is used in this process as an aqueous solution. 
NaOH is supplied as a white powder or solid pellets, or as a 47% w/w aqueous solution. 
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Hydrogen peroxide is a colourless alkaline liquid and bitter to taste. Pure H2O2 is a viscous 
liquid that rapidly decomposes into oxygen and water. H2O2 is typically used in aqueous 
solutions during the manufacture of sodium chlorite.  
Other materials can be added to commercial grade sodium chlorite powders or aqueous 
solutions before they are sold. Commercial sodium chlorite aqueous solutions contain other 
ingredients including anticorrosive agents, buffering agents, ClO2 fume controllers, and 
surfactants. Anticorrosive agents are used to prevent the corrosion of stainless-steel equipment. 
Buffer salts help liberate the ClO2 that is produced during the bleaching/disinfection process. 
Surfactants help stabilize solutions and allow for cleaning and penetration effects. Stabilized 
sodium chlorite solution can be stored for long periods of time (i.e. more than five years) 
without loss of activity. When the sodium chlorite is sold as a solid, sodium chloride is often 
included to make it safer to handle and store. 
2.5.2 The Manufacturing Process  
While a variety of chlorites are available, sodium chlorite is the only one produced 
commercially and it is sold either as an aqueous solution or as a crystalline solid. The technical 
grade is made up of about 80% w/w sodium chlorite and the balance is sodium chloride. Large 
scale commercial production is based on a reaction of ClO2 in a sodium hydroxide solution 
with a reducing agent, as detailed in Equation 2.28.  
Sodium chlorite is manufactured in three phases, ClO2 production, sodium chlorite generation, 
and sodium chlorite recovery (if required). 
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2.5.3 ClO2 Production  
 
Figure 9 Chlorite, Chlorate and ClO2 Relationship Block Diagram 
The block diagram above (Figure 9) shows the basic relationship between the various chlor-
alkali species – chloride, chlorate, chlorite and ClO2. Sodium chlorate is produced from 
electrolysis of seawater brine in the same way that chlorine gas is electrochemically produced 
for disinfection purposes. However, the electrolysis process is operated at different operating 
conditions (i.e. higher pH, lower temperature) to produce sodium chlorate (which is usually an 
undesirable by-product in the chlorine/hypochlorite production process in seawater 
electrolysis). The other stages of the above process: ClO2 gas production from aqueous sodium 
chlorate, ClO2 reduction to chlorite and the reverse reaction from chlorite to aqueous ClO2 for 
disinfection are all explored in this thesis. 
While there are five principal methods for generating ClO2, one of the most common is the 
Hooker R2 process, which generates ClO2 from sodium chlorate-based precursors. During 
production, solutions of both sodium chlorate and sodium chloride are pumped into a reaction 
vessel in approximately equal ratios. Concentrated sulphuric acid is also added to the reaction. 
Next, air is bubbled into the bottom of the container to create rapid agitation and dilution of the 
ClO2 gas that is produced. During this process, both ClO2 and chlorine gas are created.  
These gases are then separated out from the reaction vessel. The ClO2 is separated by being 
absorbed in a conventional, water chilled tower and the pH is increased within the solution to 
liberate the molecular chlorine gas. The chlorine gas is passed through separation towers and 
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is picked up as either sodium or calcium hypochlorite by further pH alterations. This process 
produces about a 95% yield of ClO2 gas.  
2.5.4 Sodium Chlorite Generation  
The ClO2 gas is pumped into a vessel containing a cooled, circulating solution of sodium 
hydroxide and hydrogen peroxide. Water and oxygen are also generated as side-products in 
this reaction. Hydrogen peroxide is used as the reducing agent to minimise the production of 
unwanted sodium chlorate. This step is closely monitored because sodium chlorate is highly 
undesirable in the final product.  
2.5.5 Isolation and Purification  
Even though steps are taken to minimize its production, sodium chlorate must still be reduced 
before the sodium chlorite can be isolated. This is accomplished by adding excess hydrogen 
peroxide to the recirculating solution. 
The spent reactive solution is then pumped through a fractional crystallization tower to purify 
the sodium chlorite. This method takes advantage of the large solubility differences between 
the chlorite and other related salts that can be formed. After purification, the sodium chlorite 
solution is evaporated and tumble dried. If an anhydrous (devoid of water) product is desired, 
the evaporated powder is mixed with water at l00°F (38°C). The solution is then saturated and 
cooled to 77°F (25°C). When this happens, the anhydrous salt spontaneously crystallizes out 
of the solution. A rotary drum, steam heated dryer is used to isolate the crystals, resulting in 
flakes or a fine powder. Occasionally, multiple drying steps are required.  
The anhydrous salt can then be converted into powder, granules, or a solution. Granules are 
used more often because they are safer, with lower toxic risks and fire hazards, and a 
homogeneous composition can be created. Prior to packaging, solid sodium chlorite is mixed 
with sodium chloride to make it safer to handle.  
Solutions are prepared by mixing powdered sodium chlorite with various anticorrosive agents, 
buffering agents, and surfactants in a mixing vessel. These solutions are used for commercial 
bleaching processes and can be formulated to be extremely stable.  
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Depending on the final use, aqueous sodium chlorite solution is packaged in plastic containers, 
drums, tote tanks, and tanker trucks.  
2.5.6 Quality Control  
To ensure the quality of the sodium chlorite that is produced, the production process is 
monitored at each stage. The preliminary raw materials and the final product are all subjected 
to a variety of chemical and physical tests to determine that they meet the required 
specifications. Some of the commonly tested characteristics include appearance, odour, pH, 
density, specific gravity, and melting point. If the final product is an aqueous solution, its 
chemical activity is tested to make sure it possesses the correct concentration. For solid 
granules, particle size is determined and modified if necessary.  
2.5.7 By-products/Waste 
Manufacturing sodium chlorite produces some undesirable by-products, such as excess ClO2 
gas, that cannot be released into the immediate environment. Concentrated fumes of ClO2 are 
toxic. As such they cause sickness, appetite loss, and nausea in humans. In the production plant, 
circulation of fresh air is essential during periods of operation. The ClO2 gas is also highly 
corrosive, especially when allowed to condense onto metallic surfaces in aqueous solution, 
even in dilute concentrations. For this reason, sodium chlorite solutions are generally stored in 
specially coated containers. Resistant materials are expensive and include GRP, FRP and some 
plastics such as PVCu, PVDF and PTFE. In terms of metallic vessels without any coating, 
titanium is the most resistant that can be practically used for manufacturing purposes. However, 
more recently, molybdenum alloy stainless steels have seen a growing popularity in storing 
aqueous solutions of sodium chlorite. 
2.6 Proposed Novel ClO2 Generator 
One of the aims of this MPhil work was to design a novel process to produce ClO2 using a 
feedstock, aqueous sodium chlorite. One of the earliest requirements for this process was to 
combine the reaction step with a ClO2 separation stage in order to avoid pumping liquids that 
could release high concentrations of ClO2 gas, leading to potentially explosive scenarios as 
discussed in section 2.3. Combining unit operations is one that has received attention in the 
engineering community; process intensification has been well received in some industries; heat 
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transfer, enhanced solid-gas contactors, gas-liquid contactors, leading to new smaller compact 
devices. With this general background in mind, an attempt was made to develop a novel 
combined reactor/separator for ClO2 production. 
2.6.1 Commercial Background 
The eventual use of the produced aqueous sodium chlorite solution detailed in Section 2.5 is 
for use with acid-chlorite based ClO2 production technologies detailed in Section 2.4. Acid-
chlorite technology is used primarily within a variety of municipal, industrial and waste water 
processes. These range from small agricultural applications through to larger healthcare 
facilities and public buildings, culminating in water-intensive processes such as down well oil 
and gas applications and power stations. Within these water-intensive processes, particularly 
within the Middle East and Southern Asia, there is an ever-increasing demand for readily 
available 31% w/w sodium chlorite. The balanced stoichiometric equation (Equation 2.21) is 
provided in Section 2.4. 
One of the main objectives of this work is to develop an efficient and cost-effective production 
process for 31% w/w sodium chlorite solution. The sodium chlorite produced can either be 
used in the chemistry shown in Equation 2.21 below (80% maximum molar conversion of 
sodium chlorite to ClO2) or within the chemistry shown in equation 2.29 below. It is generally 
accepted that the chemistry in Equation 2.21 is best utilised up to 10 kg/hr of ClO2, whereas 
the chemistry in Equation 2.29 can be utilised well above 10 kg/hr and can compete with 
sodium chlorate-based system, which are traditionally used with this duty requirement. 
5𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 4𝐻𝐶𝑙(𝑎𝑞)  → 4𝐶𝑙𝑂2(𝑎𝑞) + 5𝑁𝑎𝐶𝑙(𝑎𝑞) + 2𝐻2𝑂(𝑙)  Equation 2.21 
2𝑁𝑎𝐶𝑙𝑂2(aq) +  𝐶𝑙2(aq) → 2𝐶𝑙𝑂2(aq) + 2𝑁𝑎𝐶𝑙(𝑎𝑞)    Equation 2.29 
One significant benefit of the stoichiometry used in Equation 2.29 is that a theoretical 100% 
molar conversion of sodium chlorite to ClO2 is possible. This means that ClO2 can be produced 
in commercial generators well above the 10 kg/hr ClO2 “production ceiling” stated above for 
traditional acid-chlorite generators. 
The above reasons provide a strong argument for both developing a sodium chlorite production 
process in this fashion, as well as incorporating the chemistry shown in Equation 2.29. 
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Significant commercial opportunities are available to compete strongly against well-
established technology within these marketplaces. 
As part of the sodium chlorite production process development, a number of process design 
challenges must be overcome. Chief amongst these is the potential for the use of a novel gas-
liquid contactor operation for the contact of acid with the sodium chlorate, then the liberation 
of produced ClO2 gas dissolved in water. The fundamental aim is to produce ClO2 gas from 
readily available reagents and to utilise some form of compact reaction/separation technology 
(aqueous sodium chlorate, hydrogen peroxide and sulphuric acid) to produce ClO2 gas. The 
ClO2 gas will then be absorbed back into alkaline sodium hydroxide solution as sodium chlorite 
by a reduction reaction with hydrogen peroxide. Sodium hydroxide is also readily available 
feedstock. Equations 2.30 and 2.31 below describe this reaction chemistry in this combined 
unit. 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 2.30 
2𝐶𝑙𝑂2(𝑎𝑞) + 𝐻2𝑂2(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) → 2𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 𝑂2(𝑔) Equation 2.31 
2.6.2 Gas-Liquid Contactors – A Review 
The key unit operations for ClO2 and sodium chlorate production involve gas/liquid contacting 
which traditionally would use either bubble reactors with combinations of gas stripping units. 
While these units are well understood, the opportunity in this research thesis was to look for 
alternative methods that may yield benefits in reducing size and inventory to offset safety risks 
due to the decomposition of ClO2. A further advantage of smaller contactors would be the 
selection of materials of construction. Levels of chloride and sodium in the liquid solution is 
an issue for the selection of materials for gaskets, seals and the main body of the actual 
contactor. Therefore, in the early stages of this project, there was a strong incentive to reduce 
the size of the contactor to minimise capital cost from exotic construction materials.  
Traditional methods for contacting gases with liquids either involves: 
• Bubbling gas through a constant volume of liquid, with exit gas sent for separation 
treatment 
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• Induced gas bubbles using an agitator  
• Jet loop reactors that have circulation to increase hold up time 
• Impinging stream reactors that bring liquid and gas together as a jet of liquid. 
Mass transfer coefficients are an order of magnitude larger for jet loop reactors and impinging 
stream reactors than others allowing smaller hold up volumes of potentially corrosive liquid 
[45]. But there are two further technologies that could potentially benefit the work: 
• Rotating packed bed absorbers 
• Membrane Reactors  
Most of the available literature relating to novel gas liquid separation technologies deals with 
rotating fluid static membranes and cyclone technology. There was no specific reference found 
to removing ClO2 gas from solution other than in patent searches which largely deal with 
traditional mass transfer operations such as air-driven stripping columns. As these articles made 
no reference to novel gas stripping techniques and as they are well understood in the field, they 
will not be discussed further here. Academic literature was specifically targeted within related 
fields such as microbubble generation and rotating packed beds with incorporated 
baffles/blades. 
2.6.3 Cyclone Reactors and Contactors 
Enhancing mass transfer and contact between two phases has been behind much of the work 
with rotating fluids, especially the flows in a cyclone type unit. Traditionally cyclones are used 
to separate out a dense phase from a lighter phase, usually solid particles from gases, and solid 
particles from liquids. Hydrocyclones operate in a similar manner but refer to contact usually 
between two immiscible liquid phases using the density difference between each phase. 
2.6.3.1 Standard Cyclone Configuration 
A typical hydrocyclone has one of two regular geometries – single or double cone, as shown 
below in Figure 10[34]. The method of separation is static and centrifugal within a vortex 
generated inside the body of the hydrocyclone. The feed liquor enters the hydrocyclone 
tangentially with a relatively high speed. The liquor then revolves around the inner wall and is 
driven forward by the following liquor. Within the vortex cavity portion of the hydrocyclone 
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there is a high amount of turbulent flow which in turn forms an effective centrifugal force. 
Moving down through the hydrocyclone, to where the main separation takes place in the cone 
segment (section 3 in  Figure 10), this centrifugal force plays a critical role. It is here that the 
heavier phase (liquid) moves to the wall and subsequently moves downward towards the 
underflow outlet (section 4 in  Figure 10). Conversely, the less dense phase (gas) is forced 
inwards to the centre of the hydrocyclone and eventually upwards to the overflow outlet 
(section 1 in  Figure 10). Once the liquid passes into the underflow section of the hydrocyclone, 
almost no separation takes place but it is important a stable flow is maintained to ensure 
appropriate drainage of the unit. 
Section (b) of  Figure 10 is the main inlet(s) for the liquor (aqueous ClO2 solution) to be 
separated. This is where most of the gas to be removed, mixed with the liquid phase, and any 
gas bubbles entrained within the solution, enter the hydrocyclone at a high tangential velocity. 
 
Figure 10 - Standard Hydrocyclone [34] 
There has been a lot of work carried out in order to produce a more efficient hydrocyclone. 
Most work has focused on altering geometric parameters such as the diameter, length and cone 
angle of each part of the standard hydrocyclone, shown above in Figure 10. Other 
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investigations have been focused on the effect of different inlet pipes, vortex finders, cone 
structures, underflow pipes and central insertions on hydrocyclone performance [35]. Body 
profiles (exponential, conical, quadratic polynomial, etc) have also been examined in great 
detail [36]. 
While seen as a method for separation, cyclones have been looked at for conducting chemical 
reactions for those reactions which are not rate limited and where short residence times within 
the cyclone benefit the process [46], [47]. Reactions described by equations 2.21, 2.29 and 2.30 
are not reaction rate limited and were considered a potential candidate for compact cyclonic 
type reactors.  
A concern for ClO2 handling was the gas-liquid content within the cyclone. Based on the work 
by Zhao et al [34], it was found that standard cyclones may be unable to handle the liquid/gas 
ratios envisaged under the Scotmas Ltd project, without modification through adoption of 
technology known as the “Inner Cone Hydrocyclone” (ICH). 
2.6.3.2  Air Sparged Hydrocyclone 
Most work carried out to date focuses on separation performance of cyclones for specific 
immiscible mixtures of solids, liquids and gases, which may or may not be binary mixtures. 
Recently, a great deal of work has been carried out into air-sparged hydrocyclone (ASH) 
technology.  
Within ASH technology, air is introduced radially through a porous cylinder and dispersed by 
the high velocity liquid participating in traditional hydrocyclone operation. This action is 
countercurrent to the gas/froth phase moving up through the centre of the cylinder and in effect, 
enhances gas-liquid separation. Nieuwoudt [37] carried out studies into the effects of differing 
underflow configurations (i.e. with a baffle, pedestal or other inserted section) on ASH 
performance. Some inserted arrangements did lead to an improvement in separation 
performance of the ASH assembly [34] [37]. Fundamentally, this research work provides some 
useful ideas for developing a suitable separation system in relation to ClO2, where the goal was 
to produce an underflow stream from an ASH, or other hydrocyclone assembly, with 0% gas 
contained within the liquid. 
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2.6.4 Typical Hydrocyclone Performance 
Zhao et al [34] and Zhang [48] have reported on numerical simulations on hydrocyclones to 
separate a gas-liquid mixture with a large density difference. Examples of predicted gas phase 
fraction distribution contours are shown in Figure 11. It can be seen that although the gas phase 
was separated out radially from the gas-liquid mixture, a large proportion of the gas 
congregates near the underflow port at the base of the unit. Both authors recommended 
modification to underflow exit port are necessary to ensure all gas leaves the unit via the 
overflow outlet. 
Further tests were carried out with an air/water mix in order to establish a more efficient 
operating regimen. The density differences between both phases are much smaller than 
experienced in the first arrangement. It was suggested that if this mixture was separated 
successfully then the actual requirement could be well handled. In operation, and although 
better separation was achieved between the air and water, the air core at the hydrocyclone 
centre still extended into the underflow outlet. Due to this undesired escape of air, there was a 
significant effect on separation efficiency [34]. 
Figure 11 - Gas Phase Fraction Content of a Typical Hydrocyclone [34] 
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2.6.5 Efficiency Improvements 
 
Figure 12 - Revised HC Arrangement with Needle [34] 
As part of the work by Zhao et al [34] various ideas were considered for developing a high-
efficiency gas liquid separation hydrocyclone. Initially, an upright needle was considered at 
the centre of the underflow outlet in order to optimise the arrangement. The needle was 
intended to provide an upwards force to encourage the separated gas to migrate towards the 
overflow outlet at the top of the hydrocyclone arrangement, thus improving the separation 
efficiency. Two methods were considered for fastening the needle into the desired position. 
One method involved using spokes to centrally position the needle within the underflow and 
the other focused on mounting the needle securely perpendicularly to an outlet conduit, pipe or 
fitting. Figure 12 demonstrates both assemblies for the needle mounting within the general 
arrangement. 
Immediately, concern was drawn to the wheel spokes arrangement. This came from the 
potential for the spokes to interfere with any flow field generated by the centrifugal action of 
the hydrocyclone itself, even if they were very thin. Therefore, arrangement (b) shown in 
Figure 12 was accepted for further investigation. 
In theory, it was anticipated that the needle would push the radially separated gas to the 
overflow outlet, provided that the installation was correct, and the gas core was positioned 
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suitably. However, in practice, it was noted that the needle with its relatively smaller diameter 
was shaken quite vigorously during hydrocyclone operation and in turn led to poor separation 
efficiencies [34]. 
 
Figure 13 - Development of the ICH [34] 
To improve the efficiency, several alterations were made to the needle by increasing the 
diameter and widening at the bottom end, thus creating a conical shape within the hydrocyclone 
itself.  In fact, not only the diameter of the cone was increased but also the height to create an 
inner cone hydrocyclone (ICH). Other alterations included increasing the underflow outlet 
diameter as well as reducing the hydrocyclone cone segment angle. In essence, the 
hydrocyclone cone segment was replaced with an inner cone. The process is shown above in 
Figure 13 [34].  
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Zhao et al [49] reported on a very similar concept to that of Zhang using insets based on a 
degassing and desanding hydrocyclone (DGASH). Figure 14 outlines the designs considered. 
 
Figure 14 - Design Ideas of the DGASH Concept for combined gas, liquid and solid separation [49] 
It is clear from the literature that the development of cyclones for gas-liquid separation is 
continuing and showed potential for the ClO2 application in this project. However, the design 
of the underflow section would have to be treated carefully. 
2.6.6 Inner Core Hydrocyclone Results 
Crucially, it was discovered that the ICH design requires lower incoming tangential velocities 
than the original hydrocyclone design. It was always anticipated that at least the same tangential 
velocity would be required to ensure separation efficiency. This was not the case during 
experimental work [34].  
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The most dramatic of all results from the experimental work is shown in Figure 15. It can be 
seen quite clearly that the gas fraction concentrations are very favourable using the ICH 
technique. The separation efficiency was also found to increase using this adaptation to the 
original design. 
 
Therefore, it is easy to draw the conclusion that other factors must affect gas liquid separation 
in hydrocyclones and this is not solely limited to the incoming tangential velocity. It is now 
understood that the solid conical insert, as part of the ICH assembly, allows a surface for 
bubbles to gather and develop into larger gas bubbles. Furthermore, this gathering space has 
been increased going from a circular cross-sectional area to an annular one. Through 
experimentation, a significant commercial benefit of the ICH design is that pressure drops 
through the overflow and underflow were reduced by 36.7% and 30.4% [34] respectively. This 
gives rise to a significant energy saving effect of the new ICH design. 
Finally, the inner cone allows the development of an upward force in order to push the 
separated gas towards the overflow outlet [34] [38]. All of these factors serve to increase the 
separation efficiency of the ICH assembly. 
 
Figure 15 - Gas Fractional Content of an ICH [34] 
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2.6.7 High Intensity Gas Liquid Contactors and Microbubbles 
Enhancing mass transfer to reduce inventory and equipment cost is the driver to develop novel 
contacting equipment. Increasing specific surface area and reducing the resistance to mass and 
heat transfer is achieved by making smaller bubbles and droplets, by reducing the film 
thickness that inhibits mass transfer. Table 3 below shows some of the characteristics for gas-
liquid contacting systems indicating that it is the enhanced units that involve rotary type flow, 
that provide the best chance for enhanced mass transfer. 
 
specific surface area 
(m2/m3) 102 KLa (1/s) 
 
Min Max Min Max 
Spinning Fluids Reactor 3700 16400 0.59 2.6 
Jet Reactor 1000 7000 0.1 3 
Venturi Contactor 160 2500 8 25 
Vortex Centrifugal Bubbling reactor 1000 1000 - - 
Co-current packed columns 10 1733 4 100 
Mechanically Agitated Reactor 210 450 12.5 29.1 
Bubble Columns 50 600 0.5 24 
Stirred Tank Reactors 47 512 0.8 6.2 
Two Impinging Streams Reactor 100 300 9 41 
Multistage External Loop Airlift Reactor 70 300 1 5 
Counter Current Packed Columns 10 350 0.04 7 
Packed Bubble Columns 50 300 0.5 12 
Sieve Tray Columns 100 200 1 40 
RTL Contactor 80 150 0.03 0.58 
Rotor-Stator Spinning Disc Reactor 99 99 - - 
Spray Columns 10 100 0.07 1.5 
Table 3: Comparison of mass transfer area and overall volumetric mass transfer coefficients for gas-liquid 
contactors [50] 
The SRF unit that claims the highest specific surface area uses a tangential inlet of gas into a 
chamber that has a central inlet of a polypropylene frit acting like a membrane. Inside the frit 
is the liquid. Figure 16 shows the SRF reactor from Aranowski et al [50]. 
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Figure 16 - The SRF Reactor Cut Out Detail and Internal Frit (Right) [50] 
In contactors of this type, the key intensification is offered by the generation of microbubbles 
via the use of internals such as the “frit” mentioned above. These microbubbles are passed into 
the liquid phase by subjecting a swirling or rotating liquid to an injected stream of 
microbubbles. A microbubble is defined as a bubble of a diameter in the order of 10µm [40]. In 
general, this can be considered as ranging from several hundred nm to several tens of µm for 
ease of reference. Any bubble smaller than this is generally referred to as a nanobubble. 
Microbubbles have three distinct areas: the gas phase, shell and aqueous liquid phase, much 
like most other bubbles. Two important factors, with relevance to gas liquid contactors, which 
should be drawn to reader's attention about microbubbles, are: 
• They possess a high mass transfer (gas dissolution) rate. This is because the surface 
area/internal pressure increases as bubbles get smaller, approaching micro and nano 
sizes, combined with a decrease in bubble rising speed. 
• There is a large gas-liquid interfacial area. The ratio of area to volume of a sphere is 
inversely proportional to its diameter. As a direct result, microbubbles hold very high 
interfacial area due to their diameter. 
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Due to the combination of a rapidly swirling flow of liquid and microbubble injection, this 
causes a high shear force to be imparted by the liquid during bubble formation. As described 
above, mass transfer between the liquid and gas phases is therefore aided by the high interfacial 
area [39].  
Contacts come in variations depending on their inventor. Waldie (1996) [41] for example 
proposed an earlier unit which had the liquid injected tangentially and the gas centrally. 
Waldie’s application was for removing aromatic (such as benzene and toluene) compounds 
from waste water and is subsequently removed in air streams. Another significant area of use 
for this type of unit would be within the oil/gas industry, whereby units of this type can be 
installed on-board offshore production platforms for the deoxygenation of seawater prior to 
down well injection. Space limitations within platforms make arrangements of this small 
footprint desirable. 
In one study, prepared by Waldie [41], quoted e a 100-fold increase in processing intensity 
versus conventional packed column for air stripping in deoxygenating seawater. It is known 
that this arrangement has particular use within systems whereby the gaseous element to be 
stripped is relatively soluble in water (i.e. like benzene). Since in the ClO2 generator, ClO2 is 
formed within the liquid phase and must be quickly removed into the gas phase, the Waldie 
contactor would seem a suitable candidate to proceed to experimental testing. 
It is intuitive to suggest that soluble aromatics such as benzene and inorganics such as ClO2 
could be removed by traditional packed column stripping. However, the produced water 
flowrates in such arrangements are generally very high and can be up to several times the 
flowrate of the species to be stripped. Furthermore, one critical element for the 
stripping/absorption process, within the overall aim of producing 31% w/w sodium chlorite, is 
to reduce the process footprint as far as possible. Traditional air stripping will hinder this 
aspiration, especially if stripping apparatus is required in parallel or in series, hence the need 
to intensify the process. 
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2.6.8 Implementation and Discussion 
In the study by Waldie [39] [41], a packed column (2.15m in height, 0.2m diameter, containing 
16mm polypropylene Pall rings) and a 32mm diameter high contactor (250mm internal 
permeable tube) were compared to the cyclone-membrane contactor. Both were subject to a 
similar water stream containing either soluble aromatics (from 26 to 194 mg/l) or NaCl (3.7% 
w/w). Gas/liquid (G/L) volumetric ratios were maintained up to and around 35 were maintained 
with a max incoming liquid flowrate of 1.5 kg/s [39]. 
From the data that was collected (from mass balances and liquid and air analysis techniques), 
it is clear that the new permeable tube contactor gives a much lower HTU (height of a transfer 
unit) value than a packed column. It was conceded that a packed column could probably be 
made more efficient with higher efficiency packing and better liquid distribution [39]. However, 
this will still require a higher HTU value than given by the compact contactor. 
Another marked difference between the contactor and packed column is that the dramatic 
increase in contactor HTU with ever increasing gas flowrate, or G/L ratio. This proportionality 
between HTU and G/L makes the design extrapolation of such contactors much easier. In 
contrast, packed columns are found to plateau in terms of HTU values, when compared to G/L. 
It is also interesting to note that better mass transfer is observed in salt water when compared 
to fresh water since salt water prevents microbubble coalescence [39] [41] which suggests that 
surface tension becomes more critical for the compact contactor. 
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2.6.9 Eductor-based Technologies 
A further method of removing ClO2 gas from solution is by using a motive water eductor to 
create a partial vacuum within the ClO2 reactor. This partial vacuum removes the ClO2 gas 
from the reactor and dissolves it within the motive water stream.  
Major advantages of this technology are: 
• The ClO2 removed under partial vacuum is independent of the reaction chemistry 
involved 
• The resultant aqueous ClO2 solution is free from unreacted precursors and has a 
moderate pH (i.e. > pH 4) 
• Eductor technology is well established and is readily available for incorporation into a 
commercial ClO2/chlorite production system 
2.6.9 Eductor System Design/Selection 
The water jet exhauster is a type of eductor which can be used to provide suction and 
entrainment of air or gases (in this case, ClO2) from its suction side utilising a high-pressure 
motive water system utilising a high-pressure motive water stream. Figure 17 shows a cut-out 
view of a typical eductor device. The high pressure motive water enters the water jet exhauster 
at its inlet, when it passes through the motive nozzle, high pressure water is converted into a 
high velocity “spray” by a drop in pressure and is sprayed into the venturi diffuser; this action 
causes the entrainment of gas by generating suction on the suction inlet port. Eductor systems 
are also employed under the surface of liquids, in order to keep the contents of tanks sufficiently 
well mixed. At the narrowest point of the diffuser (venturi throat), the liquid has the greatest 
effect of mixing with the entrained fluid. The velocity energy in the gas stream is converted 
into an intermediate discharge pressure. 
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Figure 17 - Cross-Sectional View of Water Jet Exhauster/Eductor [42] 
2.6.10 Eductor Features 
Eductor units come in standard configurations depending on the application. Some of the key 
features are described below: 
• Taper. The taper is the eductor piece that leads through the eductor body from venturi 
throat to discharge. It controls the rate of deceleration and mixing of the gaseous and 
liquid streams. Around 8 degrees is usually used for taper design. The wider the angle 
the shorter the eductor but this results in a poorer suction efficiency. 
• Nozzle Shape. The nozzle controls the amount of drive water entering the throat. The 
higher the pressure at the motive inlet, the greater the suction of gas into the eductor. 
• Throat section. The narrow throat gives high pressure gain at the cost of flow and by 
increasing the throat size will improve gas flow/entrainment but will increase the 
pressure drop across the eductor. The nozzle to throat ratio is regarded as a significant 
design criterion for the efficient operation of an eductor. 
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Other important factors to consider when implementing eductors for the removal of gas from 
aqueous solution are as follows [42]: 
• The pressure maintained at the discharge end of the taper (recovered head) is always 
less than the motive pressure. In some cases, this can be as low as 30% of original the 
motive pressure 
• The entrained flow is usually less than the motive drive flow, but between 50 and 80% 
is achievable. The entrained flow can either increase by greater motive pressure or 
larger eductor connections 
• The pipework connections on the motive inlet, suction and discharge sides can all be 
common for gas/liquid eductors 
2.7 Conclusion 
From a review of the existing chemistries available for both ClO2 gas production and sodium 
chlorite synthesis, the chemistry shown in Equations 2.30 and 2.31 will be selected for 
experimental work with contactor systems. 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 2.30 
2𝐶𝑙𝑂2(𝑎𝑞) + 𝐻2𝑂2(𝑎𝑞) + 2𝑁𝑎𝑂𝐻(𝑎𝑞) → 2𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) + 2𝐻2𝑂(𝑙) + 𝑂2(𝑔) Equation 2.31 
This is for the following reasons: 
• Stoichiometric efficiency. Theoretically, within Equation 2.30, 1 mole of sodium 
chlorate could be converted to 1 mole of ClO2. It is known from work on the reaction 
by Simpson [7b], that molar conversion efficiency greater than 98% can be achieved, 
provided that suitable reaction conditions are maintained (reactor foaming is suppressed 
and reactor temperature and pressure are controlled). Therefore, the use of this 
chemistry should maximise ClO2 gas production and minimise loss due to lack of molar 
conversion. 
• Availability/cost of feedstocks. All feedstocks for both Equations 2.30 and 2.31 above 
(sodium chlorate, hydrogen peroxide, sulphuric acid and sodium hydroxide) are all 
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freely available locally and are in fact stocked by Scotmas Ltd for day-to-day operations 
meaning that purchase/use of the chemicals for any experimental work is as cost-
effective as possible. 
• Process viability. Compared to chlorate chemistry, the other popular ClO2 gas 
generation method involves sodium chlorite solution. Obviously, it would not be viable 
to start with chlorite as a reactant, as per Equation 2.21, in order to produce sodium 
chlorite as an end-product in Equation 2.31. In addition, as only 4 moles of ClO2 can 
be obtained from 5 moles of chlorite, as per Equation 2.21, and the molar yield of ClO2 
from chlorite is reported to be in the region of 80% by Simpson [7b], this reaction 
pathway is unviable. 
To complement the selected chemical pathway (chlorate/sulphuric acid) for ClO2 gas 
production, all of the above research into contactor design demonstrates that there is scope for 
more efficient and novel methods of stripping gases from gas-liquid mixtures when compared 
to traditional gas-liquid packed column techniques. 
The challenge for this work is to focus on one, or a novel combination of the above techniques, 
to satisfy the final required ClO2 gas duty of the working sodium chlorite production plant. It 
is encouraging to note that physical footprints can be greatly reduced, both horizontally and 
vertically, together with stripping efficiencies increased by deploying the techniques described 
above.  
In order to achieve this, a number of prototypes of the intended design will need to be designed, 
fabricated and tested on a pilot plant scale before scaling this up to the intended final process 
duty. 
From review of all available academic and patent literature, it will be imperative to investigate 
the use of a novel hybrid system, comprising of an inner cone hydrocyclone supplemented with 
microbubble injection. It is clear from the literature that microbubble injection within gas-
liquid mass transfer scenarios is very favourable for the liberation of a dissolved gas, such as 
ClO2, with minimal physical footprints (i.e. with the related capital investment in equipment).  
The expectation is that this will supplement the already well-understood benefits of inner cone 
hydrocyclone (ICH) technology in that maximum separation efficiencies will be approached 
for ClO2 gas and water.  
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Indeed, the Waldie contactor discussed earlier is a strong candidate for investigation. 
The novelty behind such an arrangement will be concerned with how the microbubble 
production (i.e. via permeable membrane) will interface with the ICH technology. This could 
be achieved by surrounding the hydrocyclone with the permeable membrane, producing the 
microbubbles within the arrangement and surrounding the inner cone. The high shear rate 
produced by the rotating liquid and the physical inclusion of the inner cone should cause the 
stripped gas to move upwards and towards the centre and ultimately the overflow portion of 
the intended contactor. The binary gaseous mixture of ClO2 and air would then be passed on 
through the process for further conversion to sodium chlorite. The air would remain inert, as 
well as diluting the ClO2 gas, and leave the process through an appropriate venting 
arrangement. 
The major disadvantage of the hydrocyclone unit is the large volumetric flowrate of dilution 
air that is required for relatively low ClO2 generation capacities for commercial systems (i.e. 
<100kg/hr ClO2) gas. This is related to the explosive properties of ClO2 exceeding 8% v/v in 
air. Therefore, design concentrations of 5% v/v ClO2 gas in air are proposed which further 
increases the required air flowrate for operation with a safety factor incorporated. 
From review of all applicable technologies, it appears that the eductor based system is preferred 
for the commercial unit for both producing a concentrated stream of aqueous ClO2 for water 
treatment applications (free from unreacted precursors and acidic conditions, once stripped 
from the reactor solution) and/or using the produced ClO2 gas for sodium chlorite production 
(i.e. replacing the motive water stream with a reactive stream of hydrogen peroxide and sodium 
hydroxide, at known concentrations, for stoichiometric calculations/process optimisation). 
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Chapter 3: Contactor Chemistry 
It is the intention of this work to propose a novel method for the generation of sodium chlorite 
solution by using a novel method for the intermediate stripping of ClO2 gas. An important part 
of the design is for the reader to appreciate the kinetics of the chlorate chemistry used to 
produce ClO2 within the proposed contactor, which in turn may have significant consequences 
for the mechanical design. This chapter reviews the essential pathways for the ClO2 reaction. 
3.1 SVP Chlorate-Methanol Reduction  
As has been discussed previously, ClO2 can be produced by reacting sodium chlorate in 
sulphuric acid solution with a reducing agent, such as sodium chloride, methanol or hydrogen 
peroxide [1]. One of the most commonly used processes involves continuously feeding sodium 
chlorate, sulphuric acid and a reducing agent to vessel that serves functions in one arrangement. 
The process is described as a single vessel process (or SVP) and the vessel performs the 
function of reactor, evaporator and crystalliser.  
The gaseous stream produced by this vessel exit the reactor through a vapour pipe, flows 
through a condenser, where the water vapour is condensed and pass into a packed column, 
where the ClO2 is absorbed into water at low temperature. All other gaseous by-products 
(including oxygen, carbon dioxide and/or chlorine, depending on the reducing agent) vent from 
the top of the packed column and will either pass into a secondary absorber or vent to 
atmosphere. From the bottom of the singular vessel, a slurry of sodium sulphate crystals is 
continuously pumped from the bottom of the generator to a filter, where the crystals are 
removed from the process. The filtrate produced by this process is returned to the generator 
vessel. A more detailed representation of the process is shown below in Figure 18. 
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Figure 18 - PFD for SVP ClO2 Generator 
The choice of reducing agent has been influenced by environmental concerns over the by-
products generated by the chemical reaction. Initially, most work with this chemistry used 
sodium chloride as the reducing agent. However, this process has two major disadvantages, as 
it yields chlorine as a major gaseous by-product and yields substantial amounts of solid sodium 
sulphate by-product. 
To eradicate the issues with the chlorate-chloride process, some companies then moved to use 
methanol as the reducing agent. Importantly, the methanol-chlorate process doesn’t produce 
chlorine but leads to the production of methanol oxidation products.  
6𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 𝐶𝐻3𝑂𝐻(𝑎𝑞) + 4𝐻2𝑆𝑂4(𝑎𝑞) → 6𝐶𝑙𝑂2(𝑎𝑞) + 𝐶𝑂2(𝑔) + 5𝐻2𝑂(𝑙) +
2𝑁𝑎3𝐻(𝑆𝑂4)2(𝑎𝑞)         Equation 3.1 
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Figure 19 - Configuration of an SVP ClO2 Generator 
The obvious advantage of the methanol-chlorate process is that the only other gaseous product 
excluding ClO2 is carbon dioxide, which is relatively inert. However, as with most technologies 
in the 21st century, it is unacceptable from an environmental perspective to have uncontrolled 
carbon dioxide emissions. In traditional forms, this carbon dioxide was simply vented to 
atmosphere without any further consideration. 
Although the methanol-chlorate process was seen initially as a significant improvement to the 
chlorate-chloride process, it is not without its disadvantages. One significant issue arises from 
the fact that chlorate oxidizes methanol in a stepwise manner, initially forming formaldehyde, 
then formic acid and eventually carbon dioxide [2]. The last step in this chemistry, the carbon 
dioxide production from formic acid oxidation, proceeds slowly in the low pH conditions of 
the single vessel generator. It has also been noted that significant concentrations of methanol 
and formic acid were found in the ClO2 absorber solutions produced by plants of this type. This 
indicates that the some of the methanol fed to the process, and a portion of the intermediate 
formic acid, rather than reacting to form carbon dioxide, actually volatilizes along with the 
ClO2 
[2]. It is suspected that this volatilization phenomenon is caused by the production of 
methyl formate in the generator [3], which is highly volatile. This demonstrates that the 
production of ClO2 from methanol-chlorate chemistry has a number of by-products, including 
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carbon dioxide and formic acid. It has also been determined that the stoichiometry is 
represented by the following equation, rather than the one shown in equation 3.1.: 
6𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 1.5𝐶𝐻3𝑂𝐻(𝑎𝑞) + 4𝐻2𝑆𝑂4(𝑎𝑞) → 6𝐶𝑙𝑂3(𝑎𝑞) + 1.5𝐻𝐶𝑂𝑂𝐻(𝑎𝑞) + 4.5𝐻2𝑂(𝑙) +
2𝑁𝑎3𝐻(𝑆𝑂4)2(𝑎𝑞)        Equation 3.2 
A further issue with methanol-chlorate processes is that it requires a high sulphuric acid 
concentration to drive the required production duty of ClO2 in reasonably sized equipment. 
Furthermore, at these high sulphuric acid concentrations, sodium sesquisulphate crystals are 
formed. This is commonly referred to as an “acid salt cake”, as shown in equation 3.1.2. Most 
facilities that use methanol-chlorate technology have made equipment and operating 
modifications to ensure that sulphur losses are minimised and have effectively closed the 
sulphur material balance. Most of this salt cake production is neutralized and sent to waste. 
This is a relatively costly process.  
In recent times, hydrogen peroxide has been favoured as the reducing agent with chlorate 
chemistry. The hydrogen peroxide-chlorate process follows the stoichiometry shown in 
equation 2.30. The main driver for hydrogen peroxide-based chemistry was to overcome the 
disadvantages of methanol and chloride-based technologies. Initially, the high cost of hydrogen 
peroxide could potentially make the process unfeasible and individual operators of such plants 
need to weigh up various process advantages when compared to economic considerations. The 
following process advantages apply with chlorate-peroxide based technology [4]: 
At similar operating temperatures, similar sulphuric acid concentrations, similar chlorate 
concentrations and stoichiometric chlorate/reducing agent ratios, the peroxide-chlorate process 
generates ClO2 at a much faster rate than the methanol-chlorate process 
1) Lower sulphuric acid concentrations can be used peroxide-chlorate chemistry 
2) Crystalline sodium sulphate or “neutral salt cake” forms 
3) The peroxide-chlorate chemistry produces less salt cake per mole of ClO2 
4) The heightened reaction rate discussed in 1) above allows smaller and less expensive 
reactors to be used 
5) Contamination of produced ClO2 solution by impurities such as formic acid is eliminated 
6) By-product oxygen is recoverable at a sufficient purity for re-use within the plant elsewhere 
  
 80 
The work by Burke et al (1993) [4] established the kinetic data and hence behaviour of this 
reaction over a wide range of operating temperatures and reactant concentrations. In addition, 
a kinetic model was developed that could potentially be used in design studies for this process. 
3.2 Contactor Chemistry Selection 
Within the experimental set up that Burke et al [4] were working with, a number of non-reaction 
condition experiments were conducted to establish the required air flowrate that could provide 
enough mixing with the SVP reactor so that it could be effectively modelled as a continuously 
stirred tank reactor (CSTR). Other operating parameters were also examined such as reactor 
liquid volume, chemical feed flowrates, reactor pressure and feed locations. Two basic bench-
top experiments were carried out, one with a flowrate of 108 cm3/min of air and another with 
no air flow. Other process conditions were maintained during these experiments: liquid volume 
was 300ml, liquid rate was 20 ml/min, pressure was atmospheric, and a tracer was fed into the 
reactor bottom.  
Chlorate-based technology is deployed in most large-scale application of ClO2 generators. 
Many small generators have now also entered the market place, not solely the technology 
proposed by Burke at al (1993). The chemical reaction utilized in these generators is shown 
below: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙)  
          Equation 3.3 
The optimum relationship between chlorate and peroxide is relatively fixed. Therefore, to 
ensure that the ratio is maintained at a constant level, the two chemicals have been combined 
into one proprietary brand, known as Purate, developed and patented by Eka Chemicals in the 
1970s and 1980s but now owned by Nalco Water, part of the Ecolab Group. The reactor design 
covering this chemistry also falls under the remit of the patent, not just the chemistry. It should 
also be noted that this chemistry produces no free chlorine and provides a high yield of aqueous 
ClO2 compared to other technologies, including chlorite-acid and chlorate-methanol reduction. 
Due to the high yield of ClO2 gas produced per mole of chlorate injected into the reactor system, 
it is this chemistry that will be used within the chlorite production system, to maximise 
available ClO2 and hence, chlorite recovery within the absorption section of the process. 
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Chapter 4: Design of Reactor-Absorber Sodium Chlorite Process 
Due to the limitations of the cyclone system discussed in chapter 2, and that a patent process 
for methanol-chlorate exists, the direction of research for this thesis was to develop a combined 
reactor/absorber using the sulphuric acid-peroxide method for sodium chlorite production. The 
working brief from Scotmas Ltd was to: 
1) Develop a combined unit for the simultaneous production and absorption of ClO2 
2) Produced ClO2 should be immediately converted to sodium chlorite 
3) The process should be small scale and be built inside a standard shipping container for 
transport to remote sites 
4) Reduce the number of pumps and additional utility units  
5) Avoid the need for steam generation.  
4.1 Process Chemistry 
The first stage of the plant design was to develop a process and a chemical reactor that would 
produce sodium chlorite from sodium chlorate solution feedstock. The chemical reactions used 
in the process were: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 4.1 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 4.2 
These balanced chemical equations were identified in the work by Qian et al [1] in their sodium 
chlorite production process.  
  
  
 83 
4.2 Physical Properties 
Key physical properties of the components in the chlorine dioxide process are shown here: 
1) ClO2 
Chlorine dioxide is a yellow, reddish gas, molar mass: 67.5 kg/kmol and relative vapour density 
against air is 2.3. Its solubility in water has been measured and is presented below. 
 
  
Figure 20: Solubility of ClO2 in water (Young, 1983) 
 
The data in Figure 20 was converted from partial pressure/solubility into mole ratio values. The 
slopes of the linear fit were plotted as a function of temperature (Figure 21) to give the 
prediction of a Henry’s law style constant: 
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Figure 21: Predicted Henry’s Law Constant (after Young, 1983) 
 
2) H2O2 
Hydrogen peroxide is unstable and readily decomposes into water and oxygen. The 
decomposition rate increases with temperature and is catalysed by various metals. Heat 
released is 98,000 kJ/kmol. Some physical characteristics are detailed below. 
Density of H2O2 solutions in water are shown in Table 4 below 
[8][9]: 
H2O2 Concentration (w/w) 0 4.32 10.69 17.28 23.65 29.93 
Density (g/cm3) @ 10°C 0.9998 1.015 1.0394 1.0652 1.0906 1.1163 
Table 4 Density of H2O2 versus H2O2 concentration 
Specific heat capacity is 2.619 kJ/kg-K as liquid; 1.267 kJ/kg-K as gas 
Normal boiling point: 150°C 
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Viscosity of hydrogen peroxide solutions varies with temperature and concentration, as shown 
in Figure 22. 
 
Figure 22 Viscosity of Hydrogen Peroxide Solutions (USP Technologies) [9] 
3) Sulphuric Acid 
H2SO4 is a clear colourless liquid miscible in water and is highly exothermic when dissolved 
in water.  
4.3 Process Design 
The basic flow diagram for a NaClO2 production facility needs to isolate the ClO2 from the 
reactant mixture in some way; the formed salt and product water need to be removed to drive 
the reaction in the direction required. Traditional chemical engineering unit operations would 
employ a separate reactor stage followed by a gas stripping unit as in the existing methanol 
process (as shown in Figure 23). 
For the research here, a new reactor concept was designed where the ClO2 was formed and 
immediately absorbed into water eliminating the packed column absorber. Figure 23 shows the 
process flow diagram. Here there is a combined ClO2 reactor and absorption unit that employs 
an eductor device that lowers the pressure inside the reactor and pulls the ClO2 out under lower 
than ambient pressure. The low pressure is generated by dilution water which will absorbs the 
ClO2 gas. Resulting ClO2 solution is then delivered into the sodium chlorite reactor.   
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Figure 23: Proposed Sodium Chlorite Process Plant PFD 
A further modification to this scheme is to have the caustic and the peroxide addition for the 
sodium chlorite reaction within the vacuum device itself.  
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Figure 24 Proposed Sodium Chlorite Process V2 
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The remainder of this section will refer to the V2 PFD Sodium Chlorite process. 
4.4 Material Balance 
The following are the material balance calculations to produce sodium chlorite, 31% w/w, 
using a design basis of 30 kg/hr ClO2 gas, 100% w/w. A further mass balance is contained in 
Appendix C for 45 kg/hr. Both of these ClO2 production rates were used during experimental 
trials for the final pilot plant, based on the V2 PFD shown in Figure 24. 
ClO2 is produced from sodium chlorate, hydrogen peroxide and sulphuric acid as shown in 
Equation 4.1 earlier: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 4.1 
ClO2 reacts with sodium hydroxide and hydrogen peroxide to produce sodium chlorite as 
shown in Equation 4.2 earlier: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 4.2 
Several material balance tables were calculated based on the desired production rate. 
4.4.1 Case 1: 30 kg/hr Production Rate 
a) ClO2 Reactor – Reactant Streams 
Using a gram formula mass (GFM) for ClO2 of 67.5 g/mol (or kg/kmol), the molar flowrate of 
ClO2 gas, nClO2, is derived as follows, using the mass flowrate, mClO2: 
𝑛𝐶𝑙𝑂2 =
𝑚𝐶𝑙𝑂2
𝐺𝐹𝑀
=
30
67.5
= 0.44
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of sodium chlorate (NaClO3) in Equation 4.1 is equal to that 
of ClO2, the molar flowrate required of this species is also 0.44 kmol/hr. However, as it is 
assumed only 95% of the sodium chlorate reacts then the true (actual) molar flowrate of sodium 
chlorate, nNaClO3, is as follows: 
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𝑛𝑁𝑎𝐶𝑙𝑂3 =
0.44
0.95
= 0.47
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of hydrogen peroxide in Equation 4.1 is 0.5 and the efficiency 
of this species is also assumed to be 95%, the actual molar flowrate of hydrogen peroxide, 
nH2O2: 
𝑛𝐻2𝑂2 = [
0.5 × 0.44
0.95
] = 0.23
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of sulphuric acid in Equation 4.1 is also 0.5 and the efficiency 
of this species is known to be 19% [7], the actual molar flowrate of sulphuric acid, nH2SO4: 
𝑛𝐻2𝑆𝑂4 = [
0.5 × 0.44
0.19
] = 1.17
𝑘𝑚𝑜𝑙
ℎ𝑟
 
b) Product Streams 
The ClO2 design rate is known 30 kg/hr – nClO2 = 0.44 kmol/hour 
As the stoichiometric coefficient of oxygen gas in Equation 4.1 is 0.5, the actual molar flowrate 
of oxygen, nO2: 
𝑛𝑂2 = 0.5 × 0.44 = 0.22
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of sodium sulphate in Equation 4.1 is also 0.5, the actual 
molar flowrate of sodium sulphate, nNa2SO4: 
𝑛Na2SO4 = 0.5 × 0.44 = 0.22
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of water in Equation 4.1 is 1, the actual molar flowrate of 
water, nH2O: 
𝑛H2O = 1 × 0.44 = 0.44
𝑘𝑚𝑜𝑙
ℎ𝑟
 
  
 89 
Using the formula gram formula mass and density table for each species, the molar flowrates 
defined above, the mass flowrate of each species in and out the reactor can be calculated, 
together with the volumetric flowrate for precursors, based on the species’ available 
commercial aqueous concentration and available density data, as shown below in Table 5: 
GFM 
(kg/kmol) 
Density 
(kg/m3) 
 
Mass flowrate, 100% w/w 
(kg/hr) 
 
Concentration 
(% w/w) 
Volumetric 
flowrate 
(l/hr) 
Na2SO4 
 
   
142.00 - 31.56 100 - 
H2SO4 
 
   
98.00 1840 114.62 77 80.90 
NaClO3 
 
   
106.50 1320 49.82 40 94.36 
NaClO2 
 
   
90.50 1200 - 31 - 
ClO2 
 
   
67.50 3 30 100 - 
H2O2 
 
   
34.00 1197 7.95 50 13.29 
NaOH 
 
   
40.00 1525 - 50 - 
O2 
 
   
32.00 - 7.11 100 - 
H2O 
(produced) 
 
   
18.00 1000 8.00 100 - 
Table 5 - 30 kg/hr Flowrates 
N.B: As an operability note for the pilot process: the values highlighted above in green were 
used as the dosing pump settings for the ClO2 reactants during the experimental runs using a 
30 kg/hr design basis. 
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c) Reagent Water Balance 
Given the aqueous nature of the precursors, a water balance must be considered to check the 
overall material balance validity. Using Table 4 and as 77% w/w H2SO4, 40% w/w NaClO3 
and 50% w/w H2O2 are dosed to the reactor, the mass flowrate of water dosed to the reactor, 
mH2Odosed, can be determined: 
𝑚𝐻2𝑂𝑑𝑜𝑠𝑒𝑑 = [0.23 × [
114.62
0.77
]] + [0.5 × [
7.95
0.5
]] + [0.6 ×
49.82
0.4
] =  116.93
𝑘𝑔
ℎ𝑟
 
Therefore, a check can be performed on a mass basis for this calculation using the information 
above and Table 6: 
Mass IN 
Species Mass Flowrate (100% w/w) kg/hr 
NaClO3 49.82 
H2O2 7.95 
H2SO4 114.62 
H2O 116.93 
TOTAL 289.32 
  
Mass OUT 
Species Mass Flowrate (100% w/w) kg/hr 
ClO2 30.00 
O2 7.11 
Na2SO4 31.56 
H2O (dosed + generated) 124.93 
NaClO3 2.49 
H2O2 0.40 
H2SO4 92.84 
TOTAL 289.32 
Table 6 - Material Balance for 30 kg/hr ClO2 
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4.4.2 Chlorite Absorber Loop 
ClO2 reacts with sodium hydroxide and hydrogen peroxide to produce sodium chlorite as 
shown in Equation 4.2 earlier: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 4.2 
4.4.3 Reactant Streams 
In equation 4.2, the ClO2 molar flowrate, nClO2, into the absorber loop, assuming 95% mass 
transfer from reactor to absorber loop (i.e. 5% w/w lost in the drain reservoir system/waste 
treatment system): 
𝑛𝐶𝑙𝑂2 = 0.95 × 0.44 = 0.42 
𝑘𝑚𝑜𝑙
ℎ𝑟
 
The H2O2 molar flowrate requirement, as the stoichiometric coefficient for hydrogen peroxide 
in equation 4.2 is 0.5: 
𝑛𝐻2𝑂2 = 0.21 
𝑘𝑚𝑜𝑙
ℎ𝑟
 
The reaction efficiency is assumed to be effectively 100% [7]. 
The NaOH molar flowrate requirement, as the stoichiometric coefficient for NaOH in equation 
4.2 is 1: 
𝑛𝑁𝑎𝑂𝐻 = 0.42 
𝑘𝑚𝑜𝑙
ℎ𝑟
 
Again, the reaction efficiency is assumed to be effectively 100% [7]. 
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4.4.4 Chlorite Reaction Product Streams 
The most important product of equation 4.2 is sodium chlorite. It was found that by feeding 
NaOH in excess to this reaction, chlorate is undesirably formed from reaction with ClO2 gas, 
due to an excessively high pH. Therefore, in latter experimental work, the NaOH was fed to 
the absorber loop in the correct stoichiometric ratio as per the above calculation. No chlorate 
was found following this experimental change. 
The molar flowrate of produced sodium chlorite, nNaClO2, is equal to that of ClO2, 0.42 kmol/hr 
– the stoichiometric coefficient is 1. 
Water and oxygen are also formed as by-products in this reaction, with stoichiometric 
coefficients of 1 and 0.5 respectively – therefore, their molar flowrates are 0.42 kmol/hr and 
0.21 kmol/hr respectively. 
4.4.5 Reactant Water Balance 
Given the aqueous nature of the precursors (excluding ClO2 gas), a water balance must be 
considered to check the overall material balance validity. Using Table 4 and as 50% w/w NaOH 
and 50% H2O2 are dosed to the absorber loop, the mass flowrate of water dosed to the absorber 
loop, mH2Odosed, can be determined and must be considered to ensure the material balance 
calculations function correctly: 
𝑚𝐻2𝑂𝑑𝑜𝑠𝑒𝑑 = [0.5 × [
7.18
0.5
]] + [0.5 × [
16.89
0.5
]] =  24.07
𝑘𝑔
ℎ𝑟
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Therefore, a check can be performed on a mass basis for this calculation using the information 
above and Table 7: 
Mass IN 
Species 
Mass Flowrate (100% w/w) 
kg/hr 
ClO2 30.00 
H2O2 7.18 
NaOH 16.89 
H2O 24.07 
TOTAL 78.13 
Mass OUT 
Species 
Mass Flowrate (100% w/w) 
kg/hr 
NaClO2 38.21 
ClO2 1.50 
O2 6.76 
H2O  
(dosed + generated) 31.67 
H2O2  
(100% efficiency assumed) 0 
NaOH 
(100% efficiency assumed) 0 
TOTAL 78.13 
Table 7 - Chlorite Material Balance Summary - 30 kg/hr ClO2 
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4.5 Chlorine Dioxide Reactor 
The combined chlorine dioxide reactor absorber method is based on a method similar to “gas 
lift”, where a low pressure at the top of the reactor is created that pulls fluid from the reactor 
body. 
Gas-lift technology relies on the formation of a partial vacuum within the reactor. This vacuum 
is easily formed using a motive water eductor system. An eductor, as discussed in chapter 2, 
works by using a particular case of Bernoulli’s principle called the venturi effect. 
The use of an eductor to create a vacuum to provide suction on a ClO2 reactor has been well 
utilised by various industrial leaders in the water treatment market. In particular, Purate 
(sodium chlorate) based technology has seen widespread implementation of eductors in 
conjunction with their reactor technology as shown in Figure 25. 
 
Figure 25 - Purate Process PFD 
Figure 25 suggests that there are three feed streams; the two reactant streams and the “motive” 
water stream. All products appear in the ClO2 solution product stream with the downstream 
liquid requiring separation of the dissolved ClO2 gas. The motive water line provides both the 
vacuum in the eductor and acts to dilute the produced ClO2 solution. This technology also 
carries through all chemicals through into the motive water line including all unreacted 
reactants and produced by-products. This technology also requires acid to be present in the 
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reactor in large excess to maximise the rate of ClO2 production which does contribute 
significantly to OPEX costs.  
The primary issue with conventional eductor systems is the carryover of all components, 
reactants and products, into the motive water line. This is acceptable in a ClO2 generator as the 
by-products and unspent reactants are in such low concentrations that this will not adversely 
affect potable water quality downstream of ClO2 injection. However, in the case of sodium 
chlorite production, this could adversely affect product quality in this proposed plant. By 
optimising reactor design, the eductor could be sized to sufficiently strip off the required ClO2 
gas for sodium chlorite production whereby at the same time all liquid components would not 
carry over due to their greater weight.  
For the “Zulu” reactor, the design brief was to provide only the pure ClO2 required in the motive 
line – in this case, for sodium chlorite production.  
An obvious design issue with this approach is that, as this reactor is operated on a continuous 
basis there will be a need for collection and removal of liquid within the vessel, which will also 
contain a concentration of sodium sulphate salt. To achieve this, an inner chamber was added 
to the main reactor body, as well as a drain pump. The inner chamber serves to act as the main 
reactor with liquid overflowing via a weir into an outer chamber where it can be then pumped 
to disposal or further treatment processes prior to disposal. 
This internal chamber also resolves a further issue of increasing contact time within the reactor 
between all precursors which acts to increase acid precursor conversion rates to ClO2. See 
Figures 26 and 27 below for layout and geometric details of the reactor. The reactor would be 
manufactured from metric PVDF pipe (90mm for internal and 140mm for external – both 
SDR21, PN16 rated) and also had various connections added by hot gas welding as shown in 
the drawing. 
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Figure 26 - Proposed Reactor Layout 
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Figure 27 - Detailed Reactor Body Drawing (Plan and Elevation Views) 
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The chemical reaction for ClO2, Equation 4.1, shows that there is an increase in water produced 
that will be carried over the inner chamber weir taking with the sulphate salt produced. 
The basic principle is that the reactants from Equation 4.1 will pumped to the inner chamber 
where they will react to produce ClO2 gas which is then drawn into the motive line by the 
vacuum created by the eductor. The motive line will be an aqueous solution of sodium 
hydroxide and hydrogen peroxide. These chemicals will then react with the ClO2 gas according 
to Equation 4.2 to produce sodium chlorite solution. This motive line will be recirculated to 
build up a concentrated sodium chlorite solution from the continually reacting mixture. As 
described earlier, the reacting liquid within the inner reactor will eventually spill over into the 
outer chamber and will be pumped out to disposal or other treatment system prior to disposal. 
Operating a vacuum requires careful control of the overall pressure in subsequent vessels, 
hence the need of a degassing drum and vent blowers shown in Figure 30 – Revised PFD. 
4.6 Reactor Experimental Validation 
After the preliminary design had been constructed, experimental runs were undertaken to 
determine the feasibility of this technology and to determine if the concept will work. A major 
risk to this feasibility study was the unpredictability of the ClO2 formation reaction itself and 
the lack of academic literature and understanding about how the ClO2 free radical that is formed 
during the reaction, will respond to varying pressure conditions (i.e. part or full vacuum). Even 
although there is anecdotal evidence to support the theory that the vacuum will suppress any 
ClO2 gas decomposition (i.e. in Purate technology) there is no definitive way of proving this 
by calculation or other means. Therefore, all experimental runs had to consider the potential 
for spontaneous decomposition of the ClO2 gas and as a result, the reactor had to be designed 
to withstand this potentially catastrophic failure. A series of experiments were therefore 
necessary to assess the ability of the reactor design to: 
a) Generate a stable vacuum 
b) To form ClO2 
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Experiments were split into three series as summarised in Table 8: 
Experiment 
Set 
Summary 
1 Pre-commissioning Flow Study – hydrostatic test to verify pipeline connection 
2 Low flow with active reagents – to study the effectiveness of the vacuum  
3 High flowrate – close to design limit to validate the operation of the unit.  
Table 8 Experiment Descriptions 
Results for each set are discussed in the following sections and quantitive details of these 
experiments is presented in Chapter 5. 
4.6.1 Pre-Commissioning/Hydrostatic Test 
A fully sized unit was constructed and testing carried out on the company site, as there was a 
provision of reagents (peroxide, sodium chlorate and caustic). The apparatus was set up 
externally and a blast wall was set up around it, designed to minimise and contain any debris 
ejection following any catastrophic failure of the reactor. The reaction was monitored using a 
series of laptops and webcams so that human presence was not required in and around the 
reactor area.  A plan view of the equipment arrangement is shown below in Figure 28. 
 
Figure 28 - Experimental Equipment Plan Layout 
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4.6.2 Experimental Set 2: Low Flow 
The recirculation IBC was filled with an aqueous solution of sodium hydroxide and hydrogen 
peroxide. This was circulated through the eductor on top of the gas-lift reactor. Purate, an 
aqueous solution of hydrogen peroxide and sodium chlorate and a solution of sulphuric acid 
were injected into the reactor bottom using diaphragm dosing pumps located outside of the 
blast wall. Purate and acid flowrates were held low, and gradually increased as confidence in 
the experiment progressed. To maintain ease of control over the process, as well as to remove 
any need to remove the reactor liquid on a continuous basis, only a small volume of precursors 
was injected in the reactor bottom. It was evident from the video stream that ClO2 was actively 
produced within the reactor due its distinctive dark green colour. Following the experiment, 
this liquid was also tested using ion chromatography (IC) to confirm that sodium chlorite 
solution had been produced. Moreover, no distinctive popping or banging sounds were detected 
during the experimental runs which would have indicated that ClO2 gas molecules were 
explosively decomposing. 
An additional feature of the low flow tests was the generation of a foam type phase within the 
inner chamber. The foam would be an indication of liberation of gas from the liquid solution 
which was expected. In the reaction, it was also expected that the temperature would rise and 
that ClO2 would be accompanied by water vapour into the eductor line.  
The IC unit employed was not configured for real time, on-line analysis hence only a small 
number of samples were collected. A significant amount of time was required to process each 
sample which meant only a small number of samples could be tested. Therefore, only 
qualitative analysis was carried out on these preliminary experimental runs. However, the runs 
that were carried out proved the design concept. 
A layout photograph of the arrangement is shown in Figure 29. 
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Figure 29 - Concept Reactor Layout 
4.6.3 Experimental Set 3 
Having established that the concept was achievable, the next design iteration was to scale up 
production rates and to observe how the system behaved. This added several complications to 
the process as the reactor would now have to be drained during continuous operations. This 
meant that a pump would need to be installed which would be working against the vacuum 
created within the reactor. During set 2 trials, it was found that the installed peristaltic pump 
was not capable of pumping from the vacuum, the suction created by the vacuum pulled liquid 
back through the pump as there was no positive displacement. Therefore, as liquid could not 
be removed quickly enough, the reactor eventually flooded so the production capacity could 
only reach around 10 kg/hr before the experiment was curtailed. 
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Further issues were identified during shutdown. The reactor was then stopped by turning off 
the recirculation pump and all chemical dosing pumps. It was expected that this would cause 
an immediate loss of vacuum within the reactor. However, what was observed is that the 
vacuum was only lost gradually and this decreased slowly over a prolonged time. This was a 
significant finding, given the safety features that would be required for the reactor. Also, it was 
found that the chlorite concentration produced was low. This suggested that a high amount of 
the ClO2 had remained in solution so was lost to drain rather than entering the reactive motive 
flow to produce chlorite. 
The above experimental runs and subsequent analysis allowed design alterations to improve 
overall process safety and efficiency aspects. 
4.7 Improved Design 
Based on the findings from earlier experiments, the reactor was modified to take account of the 
assumed excess ClO2 retained in the liquid drained from the unit. Due to commercial 
constraints, optimisation of the inner chamber volume to increase residence time was not 
possible. Figure 30 shows a revision to the trial flowscheme. 
 
Figure 30 - Revised PFD 
  
 103 
The main alteration to the design was to incorporate a secondary vessel to the reactor, known 
as the “drain reservoir”. This vessel was connected to the main reactor by two pipes; the drain 
line from the outer annulus, and a breather pipe to the top of the unit. This meant that the drain 
reservoir would operate under the same conditions as the reactor – i.e. a vacuum will also be 
pulled on the drain reservoir tank. Liquid which now overflows from the internal reactor vessel 
will eventually spill over and cascade to the drain reservoir tank. To avoid the build-up of ClO2, 
air was supplied to the drain reservoir. This was intended to drive ClO2 gas out of solution into 
the gaseous phase so the overall transfer of ClO2 gas to the motive flow travelling through the 
eductor was increased, essentially increasing the residence time for the liquid within the 
reactor/drain reservoir. To maximise recovery from this arrangement, the drain reservoir tank 
was supplied with three internal baffles. This is to maximise hold up within the tank which is 
intended to increase contact time between air and the ClO2 solution, thereby releasing more 
ClO2 gas over the retention period. All ClO2 gas that is removed during this operation is drawn 
by the vacuum into the reacting motive fluid travelling through the eductor. As before, the 
motive stream is recirculated using a centrifugal recirculation pump. This recirculates the 
reacting and chlorite-producing fluid from an absorber tank through the eductor and back to 
the same vessel. 
Additional connections were also added to the external reactor body. One of these leads to the 
gas entrainment side of the eductor and a water flush was also incorporated for obvious safety 
reasons. A pressure relief device was also incorporated to the design and added geometrically 
to the uppermost point of the reactor installation.  
4.8 Design Parameters for the Improved Design 
4.8.1 Revised Process Safety Features 
In order to satisfy risks identified as part of a formal risk assessment procedure, the reactor had 
to be designed to incorporate features to prevent catastrophic failure and to provide mitigation 
of a failure was to occur (i.e. explosive decomposition of ClO2 gas, rupture/loss of containment, 
etc). The explosive decomposition of the ClO2 free radical presents the most significant risk by 
far and is dealt with by maintaining the chemical reaction under sub-atmospheric conditions. 
However, as would be identified by HAZOP, any loss of vacuum within the reactor (i.e. 
increasing pressure) could lead to an explosive decomposition should the ClO2 vapour 
concentration exceed approx. 9% v/v in air. The empty volume of the reactor is 18.24L in 
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volume which means that the ClO2 vapour cannot occupy any more than 1.82L once the 
vacuum is lost or this threshold would have been exceeded. The calculation below 
demonstrates this: 
Density of ClO2 gas = 2.757 g/dm
3 = 0.002757 g/ml 
Total volume of reactor = 18.24 L 
10% of volume = 1.82L = 1820ml 
Therefore, mass of ClO2 = 0.002757 x 1820 = 5.02g ClO2 
Therefore, the above calculation shows that only 5.02 g is required under normal atmospheric 
conditions before the vapour volume threshold is exceeded and a dangerous situation could be 
present within the reactor. In addition, the intended scale up for the system is based on the 
formation of at least 50 kg/hr of ClO2 gas. Therefore, using the above figures, if a vacuum was 
lost within the reactor, only 0.36 seconds are required before the threshold is exceeded. 
However, as discussed above, once the vacuum is lost, the pressure increases within the reactor 
as it returns to atmospheric pressure are gradual so in practice longer than 0.36 seconds would 
be required before the vapour volume threshold is breached. To ensure the safest possible 
operation of the reactor, it is imperative to ensure that the vacuum is never lost. This could 
occur most commonly as described below: 
1) The recirculation pump fails, causing the motive flow to stop travelling through the eductor 
system 
2) There is an obstruction within the eductor (on any of the inlets & outlets) preventing correct 
functionality 
3) There is a failure of the drain reservoir pump causing the connecting pipework between 
reactor and drain reservoir to flood and to eventually siphon into the eductor 
4) A failure of both recirculating pumps (on the reactor eductor and drain reservoir eductor) 
causing total loss of vacuum throughout system 
If the reactor recirculation pump stops then the pressure will increase within the reactor. There 
is a pressure instrument installed on the reactor to monitor this and will start the drain reservoir 
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recirculation pump once a certain pressure is ascertained within the reactor. This will aim to 
maintain constant vacuum within the reactor. ClO2 gas will now be drawn into the drain 
reservoir secondary eductor instead of the reactor. This secondary recirculating loop will be a 
motive stream of sodium hydroxide solution. This will absorb any ClO2 produced and will 
allow a gradual stop of the system to eventually permit any required maintenance work on the 
primary reactor/eductor system. The design intention is to have this changeover between 
primary and secondary eductors very quickly thus maintaining the vacuum conditions within 
the connected reactor and drain reservoir system. All pumps will be installed with a continual 
trickle-charging uninterruptable power supply (UPS) to ensure that power loss is not 
contributing factor to explosive decomposition. 
If an explosion were to occur inside the reactor, this would cause the pressure to increase 
rapidly resulting in potentially catastrophic damage to the reactor internals as there is no 
obvious escape path for this sudden pressure wave. Therefore, a pressure relief device was 
added to the uppermost point of the reactor geometry to channel any released gas straight up 
and outward from the reactor. The duct connecting reactor and pressure relief device is very 
wide to allow a large volume of gas to pass through the aperture in a very short space of time, 
to limit any potential damage to the reactor. The device is made up of a bursting disc as shown 
below, which will be manufactured from a mixture of PVDF/PVC for the holder and graphite 
material for the disc itself. 
 
Figure 31 - Bursting Disc Layout 
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During normal operation, the vacuum will pull on the underside of the bursting disc, so it will 
remain sealed and no gas will be permitted to escape. Therefore, the disc will need to be 
designed so that it can withstand operation at near full vacuum conditions as well as 
atmospheric conditions – this is to prevent inward collapse and subsequent loss of reactor 
containment. Also, the bursting pressure will also need to be specified to ensure that the disc 
will rupture at the specified pressure. It is known that system runs at close to full vacuum, 
around 0.2 bara. Therefore, the bursting pressure was specified at 0.6 bar above atmospheric 
pressure to prevent the system pressure increasing to a point where 9% v/v ClO2 gas could be 
obtained within the reactor. However, in future runs of this experiment, when operating 
parameters are more readily understood, it may be beneficial to specify a higher bursting 
pressure to limit excessive wastage of bursting discs. 
If the system needs to be remediated and isolated quickly, it is imperative to be able to dilute 
the concentrated reactants that are being dosed into the reactor. This will reduce the ClO2 
concentration that is being produced. This is achieved by a fresh water flush directly into the 
internal reactor component where the reactant’s concentration will be highest. The flush is 
sized so that that reactor can be filled with water quickly so that the reaction is rapidly 
quenched. The same feature has also been incorporated into the drain reservoir system for the 
same reasons described above. 
The water flush may also have another useful application. One of the major by-products of the 
reaction between sodium chlorate, hydrogen peroxide and sulphuric acid is sodium sulphate 
salt. This salt has a solubility limit that rapid changes between 0 and 33oC. At ambient 
temperature (20oC) it is around 19.23g / 100g of water, but this decreases to around 5g/100g 
of water at 0oC [2]. It is anticipated that the concentration during normal operation will be much 
lower than the solubility limit. However, it is possible due to abnormally low temperatures or 
other operational factors that the salt could precipitate from solution and cake around the 
reactor bottom and connecting pipework inlets/outlets. The water flush could therefore be used 
as intermediate method of decreasing the reactor temperature and increasing the aqueous 
component of the reactor mixture, therefore keeping the salt dissolved in solution as well as re-
dissolving any salt that has formed. 
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4.8.2 Operation and Control Philosophy 
Under normal conditions, the reactor operates in semi-batch mode and the reactor can also be 
split further into two distinct sections. The first is inside the primary reactor where 40% w/w 
sodium chlorate, 78% w/w sulphuric acid and 50% w/w hydrogen peroxide solutions are 
continuously pumped into the inner portion of the reactor body. Within this zone, they react to 
produced gaseous ClO2 as well as several aqueous by-products. A certain proportion of the 
ClO2 gas is drawn into the eductor by the vacuum – crucially, however, the liquids are not and 
will accumulate in the reactor body as a result. After a certain period of operation, the inner 
reactor portion will flood, and this will cause the aqueous by-products to spill over into the 
outer reactor section. This liquid will then cascade from the outer reactor section into the drain 
reservoir vessel. 
Within the drain reservoir vessel, the spent reactor liquor will then be sparged with air to drive 
more ClO2 gas from solution to the gaseous phase. Any ClO2 gas released by the solution in 
the drain reservoir vessel will be drawn into the main reactor/eductor system by the vacuum as 
described above through interconnecting pipework between the top of the drain reservoir vessel 
and outer reactor body. The drain reservoir vessel also has a series of internal baffles installed 
to maximise hold-up within the vessel and to ultimately maximise ClO2 gas recovery through 
the eductor system. Finally, the leftover aqueous solution is pumped to a separate waste 
treatment process prior to safe and environmentally friendly disposal. 
The second area of the process is made up of the absorber vessel and recirculation loop. An 
aqueous solution containing 50% w/w sodium hydroxide and 50% w/w hydrogen peroxide are 
pumped into the absorber vessel. The recirculation pump is then started and circulates this 
solution from the vessel, through the eductor and back to the vessel. This action creates a 
vacuum in the reactor which ultimately draws the ClO2 gas into the reacting solution. Once this 
loop is operational and stable, ClO2 reactor precursor dosing (as described above) can then be 
initiated. The produced ClO2 gas and aqueous sodium hydroxide and hydrogen peroxide 
solutions will react to produce sodium chlorite. The reaction and absorption system will be 
allowed to run under steady state for a prolonged period to allow the concentration of sodium 
chlorite to build up within the absorber vessel/recirculation loop until the desired concentration 
is achieved. A sample point has been provided on the absorber vessel and these samples will 
be regularly titrated during process operation to establish the chlorite ion concentration over 
time. This data will be compared to existing data to ensure that the desired chlorite 
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concentration is achieved in the allotted time. Feedback from this analysis will be ultimately 
used to optimise the reactant flowrates so that ClO2 and chlorite is produced more efficiently. 
After the required time has passed and the sample titrations have verified that 31% w/w sodium 
chlorite solution has been produced, then the system can be stopped. Firstly, the ClO2 reactor 
is isolated by stopping all reactant dosing. However, the recirculation pump is left on after this 
so that all available ClO2 gas can be removed from the reactor. Once all remaining reactants 
have been consumed, the recirculation pump is stopped, and the water flush is activated. The 
remaining reactor liquid is then drained through the drain reservoir tank. The produced sodium 
chlorite in the absorber vessel is then pumped to permanent storage. The system can then be 
restarted once all of the produced sodium chlorite solution has been dispensed. 
The ClO2 reactor has been developed to include a number of safety controls to ensure the 
correct product is produced under the safest operation conditions (i.e. by ensuring that 
dangerous situations are prevented from occurring). The plant is operated and controlled using 
a programmable logic controller (PLC) which receives and distributes a range of digital and 
analogue inputs and outputs to and from a wide variety of process equipment including pumps, 
actuated valves and in-line flow, pressure and temperature instrumentation.  
The main process control aspects are as follows: 
1) Manual samples are regularly taken from the process close to the absorber vessel. These 
are then titrated to determine the chlorite ion concentration. This data is used to optimise 
the ClO2 production rate and is also an indicator of when the desired sodium chlorite 
concentration has been achieved. 
2) Level control in the final baffled segment of the drain reservoir is used to control the drain 
reservoir vessel pump. This is to ensure the vessel does not flood during normal operation. 
Any flooding of the vessel could lead to loss of vacuum from the reactor eductor. 
3) Differential pressure across the eductor is monitored to ensure the eductor operation is 
functioning correctly. 
4) Internal pressure within the reactor is monitored visually by a vacuum gauge and 
automatically by a pressure instrument which can read to 0 bara. When the vacuum is 
produced by the eductor, when the pressure instrument reads an incorrect pressure value, 
the recirculating pump on the drain reservoir tank eductor will start. This back up 
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recirculation pump is also powered by an uninterruptable power supply (UPS) so will work 
in the case of a power failure. This pump will recirculate aqueous sodium hydroxide 
solution through the secondary eductor to absorb any ClO2 gas within the drain reservoir 
and reactor.  
5) The loss of vacuum pressure within the main reactor will trigger a reactor water flush. This 
will cause the water to fill the inner reactor, diluting all reactants that are present and will 
limit the ClO2 gas present. 
6) ClO2 gas detectors are installed around the reactor/eductor & drain reservoir system to 
ensure that if ClO2 gas is detected out with the process that this results in a process 
shutdown. In addition, these are linked to a visual and audio alarm and will turn on 
surrounding fume extraction fans within the process area to remove any residual ClO2 gas 
quickly and efficiently.  
 
  
  
 110 
4.8.3 Full Scale Process Material Balance 
Whilst the earlier mass balance was carried out for smaller experimental trials, the following 
material balance is for the intended design specification for the plant is to produce 3000 tonnes 
per annum of 31% w/w sodium chlorite solution using the improved reactor/separator design. 
As before, all mass balances were based on the chemistry shown below. 
ClO2 is produced from sodium chlorate, hydrogen peroxide and sulphuric acid as shown in 
Equation 4.1 earlier:  
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 4.1 
ClO2 reacts with sodium hydroxide and hydrogen peroxide to produce sodium chlorite as 
shown in Equation 4.2: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 4.2 
As a basis design, the required mass flowrate (3000 tonnes per annum) was converted into a 
molar flowrate. The molar flowrates of the required reactants were then determined. To 
implement this calculation, it was assumed that the plant would operate for 16 hours a day, 320 
days per annum and that three reactor systems would be operating in parallel. An efficiency of 
95% (95% conversion to products from reactants, on a molar basis) was assumed; apart from 
sulphuric acid which is known to have a much lower conversion efficiency (known to be around 
19% conversion to products from reactants, on a molar basis). 
A summary of the process mass balance calculations is shown below.
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The required specification is 3000 tonnes per annum of 31% w/w sodium chlorite. This is to be implemented in three reactor systems operating 
for 16 hours a day, 320 days per year. Total number of hours of operation per annum = 5120 hours/annum.  
Chemical Required mass flowrate 
across all three reactors 
(kg/hr) 
Mass flowrate of 100% w/w 
sodium chlorite across all 
three reactors (kg/hr) 
Molar flowrate of 100% w/w 
sodium chlorite across all 
three reactors (kmol/hr) 
31% w/w sodium chlorite 585.94 181.64 2.01 
Table 9 - Mass Balance Summary 
Chemical Stoichiometric 
Coefficient 
Moles Required 
(kmol/hr) 
Reaction 
Efficiency 
Mass required 
(kg/hr) 
Concentration  
(% w/w) 
Total mass 
flowrate (kg/hr) 
ClO2 1 2.01 0.95 128.89 100 135.45 
Hydrogen 
peroxide 
0.5 1.00 0.95 32.30 50 64.82 
Sodium hydroxide 1 2.01 0.95 76.38 50 152.51 
Table 10 - Mole Balance for Absorber Loop 
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Chemical Stoichiometric 
Coefficient 
Moles Required 
(kmol/hr) 
Reaction 
Efficiency 
Mass required 
(kg/hr) 
Concentration  
(% w/w) 
Total mass 
flowrate (kg/hr) 
Sodium chlorate 1 2.01 0.99 203.36 40 562.39 
Hydrogen 
peroxide 
0.5 1.00 0.99 32.30 50 71.82 
Sulphuric acid 0.5 1.00 0.19 29.40 77 672.09 
Table 11 - Mole Balance for Reactor 
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4.8.4 Piping and Instrumentation Diagrams (P&IDs) 
Piping and instrumentation diagrams (P&IDs) and a process description of the plant have been 
prepared which detail each area of the process – chemical dosing, ClO2 reactor, recirculation 
loop and sodium chlorite solution storage. The P&IDs are appended to this report. 
4.8.5 Equipment Sizing 
All equipment was sized for this chemical plant using standard process design methodologies. 
The design for each of the process units is described below. 
a) ClO2 Reactor 
The ClO2 reactor is an integral part of the plant and had to be sized correctly. To produce 3000 
tonnes per annum of 31% w/w sodium chlorite solution, the plant was specified to run for 16 
hours per day, 320 days per annum. To achieve this, three ClO2 reactors would need to run 
simultaneously. This would mean that 585.94 kg/hr would be produced as a sum from the three 
reactors acting in parallel. The respective chemical flowrates for each reactor are summarised 
below in Table 12. 
Reactants 
Chemical Flowrate (kg/hr) 
Sodium chlorate, 40% w/w 224.96 
Hydrogen peroxide, 50% w/w 35.91 
Sulphuric acid, 77% w/w 517.51 
Products (and unreacted Reactants) 
Chemical Flowrate (kg/hr) 
Water, 100% w/w 422.91 
Sodium sulphate 142.47 
Hydrogen peroxide 1.80 
Sodium chlorate 11.25 
Sulphuric acid 419.18 
Table 12 - Chemicals In/Out of Reactor 
The reactor is split into three sections – the inner reactor, the outer reactor and drain reservoir. 
The inner and outer sections are constructed from PVDF pipe whereas the drain reservoir is a 
GRP vessel, lined with PVDF. The inner reactor is fabricated from 4” (110mm, SDR21) PVDF 
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pipe and is 750mm in length. The outer reactor is fabricated from 6” (160mm, SDR21) PVDF 
pipe and is approximately 1000mm in length. This gives a retention time of approximately 1.58 
minutes based on the flowrates above, which gives the reactants suitable time to react. As 
previously mentioned, liquid should never accumulate in the outer reactor as it will flow 
directly from the outer component down into the drain reservoir vessel for further air sparing. 
Therefore, the size of the outer component is not of great importance; it simply needs to be 
larger than the internal reactor. 
b) Drain Reactor 
The drain reservoir vessel is communal between all three reactors and so liquid from each 
reactor system will enter it. Sizing was of obvious importance for this vessel. The vessel also 
had baffled segregation, which allow the liquid to be sparged on three separate occasions, 
which maximises the recovery of ClO2 gas from solution. From previous experimental runs, it 
was estimated that twenty minutes would be sufficient retention time in the drain reservoir to 
maximise the ClO2 recovery. 
Item Length (m) Width (m) Height (m) Volume (m3/L) 
Baffle 1 0.75 0.25 0.5 0.09375/93.75 
Baffle 2 0.75 0.2 0.45 0.0675/67.5 
Baffle 3 0.75 0.15 0.4 0.045/45 
Total vessel 0.75 0.75 0.6 0.3375/337.5 
Table 13 - Baffle Volumes 
The volumetric flowrate from one reactor is 217.55 l/hr (ignoring densities) so that the total 
flow entering the drain reservoir vessel is 653 l/hr. The retention time in the 1st baffled area is 
defined as follows: 
Flowrate = 653 l/hr 
Volume = 93.75 litres 
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Retention time = 93.75/653 = 0.1453 hr = 8.6 minutes 
The retention times using the above method are summarised below: 
Baffle Retention Time (minutes) 
1 8.61 
2 6.2 
3 4.13 
Total 18.95 
Table 14 - Baffle Retention Times 
As the total retention time is close to 20 minutes this was estimated to be a sufficient design 
for maximising ClO2 gas recovery. 
c) Eductor 
The eductor, as explained earlier, is used to create sufficient vacuum within the reactor so it is 
important to be sized to remove as much ClO2 gas as possible from the reactor. This is 
important to counteract the explosive decomposition phenomenon which is exhibited by the 
ClO2 free radical that can occur if the gas is allowed to accumulate in a closed volume in air. 
During experimental work, the maximum mass flowrate of produced ClO2 gas was 
approximately 50 kg/hr in a single reactor. This equates to 18.52 m3/hr as a gas, using a density 
of 1.64 g/cm3 [7]. Therefore, the eductor was sized to remove 20 m3/hr of gas and can therefore 
accept all produced ClO2 gas, produced in each reactor system. The minimum stated motive 
water flowrate through the eductor that will provide this 20 m3/hr gaseous suction is stated as 
11 m3/hr. Therefore, this fixes the size and capacity of the eductor recirculating pump on the 
motive water side of the eductor. The inlet pressure was also stated as 2 barg minimum. A 
recirculating pump was therefore selected on this basis. 
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d) Tanks 
The chemicals to be used in the plant are stored in large volume vessels. These have been sized 
according to the quantity of sodium chlorite solution to be produced and also considering the 
frequency of fresh chemical unloading. 
Chemical Vol. Flowrate 
(m3/hr) 
Vessel Capacity (m3) Storage Capacity 
(days) 
Sodium chlorate 0.472 20 2.65 
Sulphuric acid 0.154 10 4.06 
Hydrogen peroxide 0.125 9 4.5 
Sodium hydroxide 0.117 10 5.4 
Sodium chlorite 0.610 40 4.11 
Table 15 - Tank Sizing 
The hydrogen peroxide tank has been sized as 9m3 due to the height limitation inside the 
building that the process is installed into. Sodium chlorate and sodium chlorite storage tanks 
are both stored in multiple 10m3 tanks, again due to height limitations within the process 
building. Mains water is commonly available and will satisfy the demands of the plant. Water 
will also be stored as a contingency to be used in emergency situations.  
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e) Bunds and Concrete Plinths 
Following best practice for chemical storage bunds recommended by the UK HSE, the bund 
surrounding each chemical storage tank must be sized appropriately (to 110% of the stored 
volume) to ensure all spillages are contained and can be safely dealt with. This is to ensure that 
even in the event of a tank rupture, the chemical volume is contained. The bund sizing is 
summarised below. 
Bund No Capacity 
of Largest 
Vessel 
(m3) 
Required 
Bund 
Capacity 
(m3) 
Width (m) Length (m) Height (m) Actual 
capacity of 
bund (m3) 
1 10 11 7 8.3 0.3 17.43 
2 1.5 1.65 6.6 9 0.1 5.94 
3 10 11 6.2 9 0.3 16.74 
4 10 11 4 5.5 0.6 13.2 
5 1 1.1 2 7 0.1 1.4 
Table 16 - Bund Sizing 
All bunds have been oversized so can hold more liquid than required. This is because the tanks 
themselves and any internal bund structures that the tanks site on will take up some of this 
volume. 
The use of bunds, although useful for containing liquid, adds complications for any pipework 
connecting to/from the tanks. This is because the pipework needs to go up and over the bund 
wall, requiring additional pipework, support and connections. This will also increase the 
pumping duties. The tanks will therefore be placed on concrete plinths which will elevate the 
tanks so that they are the same height as the bund wall.  The most important consideration for 
these plinths is the maximum weight they can withstand during normal operation. This is 
summarised below: 
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Chemical Weight of 
chemical 
and tank 
(tonnes) 
Tank 
Diameter 
(m) 
Bund 
Height (m) 
Plinth 
Height (m) 
Plinth 
Diameter 
(m) 
Maximum 
Weight 
(tonnes) 
Sulphuric 
acid 
17.5 2 0.6 0.4 2.2 19 
Sodium 
hydroxide 
15.5 2 0.3 0.2 2.2 17 
Hydrogen 
peroxide 
11.5 2 0.3 0.2 2.4 13 
Sodium 
chlorite 
10.4 2 0.3 0.2 2.2 13 
Sodium 
chlorate 
14.2 2 0.3 0.2 2.2 16 
Table 17 - Plinth Design 
The tank outlets are not at the very bottom of the tank which is why the plinths are always 
slightly smaller than the bund wall. Unfortunately, due to the available height being limited by 
the roof fixtures/fixings many of the plinths could not be as tall as detailed in Table 17. 
f) Pumps 
This plant used many pumps, which were sourced from various vendors. These were sourced 
by giving the vendors the required specifications for the plant and selecting the most 
appropriate pump for the application. As such, very few of the pump calculations were 
completed in-house and were sourced out to the vendor. As most chemicals used in the plant 
are highly corrosive, all pumps were normally magnetically coupled, ensuring that only the 
impeller contacts the chemical. This results in an overall reduction in the price for each pump 
as only the impeller needs to be manufactured from a specialist material. 
There were two specialized pumps in the plant, the recirculation pump which recirculated 
liquid through the eductor and the drain pump which removed liquid from the drain reservoir 
vessel. The eductor requires a flow of 11 m3/hr to function properly. As the motive stream was 
reactive between ClO2 gas, sodium hydroxide and hydrogen peroxide to form sodium chlorite, 
the pump impeller material was resistant to all of these chemicals. The drain pump was also 
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pumping highly toxic aqueous ClO2 solution against a suction pressure close to 0 bar absolute. 
Therefore, it a gear pump was selected with internals manufactured from an exotic material 
(PTFE) – which was suitable for concentrated ClO2 solution above 1000 mg/l. 
Seal materials were also an issue within the plant. FPM (viton) is normally suitable for ClO2 
applications. Other cheaper materials such as EPDM or NBR are not suitable for this 
application and will degrade quickly on exposure to ClO2 solution above 100 mg/l 
[7]. 
g) Pipework 
The size of pipework and fittings, all in either PVDF or PVC-u, was calculated based on the 
flowrates through them. As most plastic pipework fittings have relatively short lead times these 
can be sourced as and when required for further construction/any adaptations. 
4.8.4 Plant Layout 
One of the objectives of the KTP project with Scotmas Ltd, was to recommend plant layout 
designs. As part of their expansion, Scotmas Ltd had purchased a neighbouring warehouse, 
Figure 32 - Building Layout 
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previously occupied by an electroplating manufacturer. Therefore, significant adaptations had 
to be recommended to the building before installation of the new chlorite process. The site is 
located in Kelso, Scottish Borders with another building connected to the east and several other 
businesses in close proximity. It is also located close to sensitive water courses and so any 
discharge from the plant is regulated by the Scottish Environmental Protection Agency (SEPA). 
The warehouse in which the plant was proposed consists of two large indoor rooms and several 
smaller, office-like rooms, with a large outdoor area. The current outdoor area already had an 
integrated drainage system in-place and there was a waste treatment system already 
operational. Other features such as safety showers and eye wash systems were already present 
too. Figure 32 shows the layout of the building. 
The philosophy adopted in developing plans for the new building are as follows. Generally, for 
the design of the plant, industry best practices and approved codes of practice, as recommended 
by the HSE [3], were utilised. This included: 
1) All chemical storage tanks were to be housed in 110% by volume chemical bunds to contain 
any leaks or spills so that they can be dealt with effectively 
2) Separating chemicals and ensuring tank installations were far apart to prevent any contact 
between incompatible chemicals. This included strong oxidants such as sodium chlorate, 
sodium chlorite and hydrogen peroxide away from ignition sources or 
organic/combustible/flammable materials 
3) Adequate and sufficient access were made available for emergency services 
4) Escape routes were formally identified by floor painting and are left clear at all times, for 
on-site personnel 
5) The principles of inherent safety were used to identify and control hazards and the risks 
they present. This included considerations about the “domino effect” 
6) Creation of an emergency plan which detailing key roles and responsibilities, escape routes, 
emergency response and business response to a major chemical incident 
However, constraints were also placed upon the design/layout of the chemical plant due to the 
layout of the existing building, together with the chemicals being used. It is generally 
recommended that bulk storage of all chemicals is external to any fixed building. This was not 
possible due to space constraints within the existing building. The oxidising properties of 
sodium chlorate, sodium chlorite and hydrogen peroxide make these chemicals useful for 
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producing explosive materials, which has resulted in their use in terrorist activities [4]. In 
addition, 50% w/w sodium hydroxide solution will crystallise below 5oC, which is highly likely 
during the Scottish winter months. For these reasons, these chemicals were stored securely 
inside. 
Fire exit locations in the building also provided a logistical challenge. Fire exits must have 
clear paths leading to them and have nothing impeding access to or from them. Within the plant 
design, there was extensive pipe runs carrying chemical between different sections of the plant. 
This inevitably involved crossing escape routes at height. Therefore, pipework had to be 
mounted on pipe bridges so as not to block any escape routes. This in turn had implications for 
the head of the pumps required. To avoid these complications, the pipework was installed in 
such a way to minimise/limit numbers of pipes crossing over escape routes/pathways. The final 
plant layout is shown in Figure 33. 
 
Figure 33 - Final Plant Layout 
The site is surrounded by a secure fence and CCTV is in operation to prevent and/or deter any 
unauthorised access. Access is provided for the emergency services via the large shuttered 
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doors and to the rear of the building by a gated passageway, as shown on the right of Figure 
33. Barriers were also installed within the reactor room, consisting of 15mm thick Perspex, 
thus creating a blast wall arrangement. All pressure relief from the reactor is directed straight 
upwards and vented through the roof of the plant – thus minimising the potential of exposing 
personnel and others to hazardous chemicals. 
In the chemical storage room, 40% w/w sodium chlorate solution, 50% w/w sodium hydroxide 
solution and 50% w/w hydrogen peroxide solution were stored together in a common bund as 
they were deemed to be chemically compatible with one another (i.e. strong alkaline solutions). 
Delivery pumping systems were located adjacent to each bund leaving a clearly marked exit 
route to the nearest emergency exit for operators.  
In the reactor area, the reactor system was installed in this area, together with the produced 
31% w/w sodium chlorite bulk storage tanks. The reactor was installed onto the east wall, 
thereby only one pipe needs to cross the emergency exit walkway (at height and installed onto 
a suitable gantry) between reactor area and bulk storage. This ensured access was maintained 
to the emergency exits for operational personnel. Precursor chemicals were transferred to the 
reactor area automatically using the installed control systems and dosing pumps. Filling of 
IBCs with sodium chlorite solution and onward dispatch was intended to be handled and 
managed within this room also. 
78% w/w sulphuric acid was stored externally to both rooms above as it is incompatible with 
the other stored precursors. It was also suitable for storage in temperatures below zero degrees 
Celsius during winter months, without freezing. In addition, for future work, it has been 
deemed advantageous to install sulphuric acid storage externally as this allows for installation 
of complementary dilution and cooling systems. This would allow the purchase of 96% w/w 
sulphuric acid, which has a significant cost advantage over 78% w/w during continuous 
operation of the plant. 
4.9 Legislation 
During the design, construction, commissioning and operation phases of any chemical plant, 
there are significant pieces of local and national regulations that must be considered and 
ultimately, adhered to. With ClO2, there are particular issues related to the decomposition and 
to the potential formation of free chlorine gas from the reactors. This section draws together 
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the main regulations and legislation that must be adhered to for the ClO2 reactor system 
discussed in 4.7. 
4.9.1 Control of Major Accident Hazards (COMAH) 
The COMAH Regulations are in place to prevent major accidents occurring involving the 
storage and/or use of dangerous substances and to thereby limit the consequences of any 
accidents that do occur, both to humans and the environment. The Regulations list names of 
dangerous substances and their partner hazard categories. In addition, the corresponding mass 
of material that can be held on any one site is listed and is classified as either “lower” or 
“higher” tier. If any chemical plant stores listed chemicals above either of the tier threshold 
values, an application must be submitted to the UK HSE identifying: 
1) The chemicals being stored on the site in question 
2) The potential hazards and control measures in place to prevent any accident from occurring 
and/or to limit the extent of the severity. 
Operation of any chemical plant under the auspices of the COMAH Regulations may not 
commence until the UK HSE formally approve the application. The COMAH regulations apply 
as shown below (Table 18) for this sodium chlorite plant. 
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  COMAH Thresholds (tonnes) 
Chemical Hazards Lower Tier Higher Tier 
50% w/w hydrogen 
peroxide 
Cat 2 Oxidiser 50 200 
Cat 1 Skin irritant - - 
Cat 4 Acute toxicity - - 
31% w/w sodium 
chlorite 
Cat 1 Oxidiser 50 200 
Cat 4 Acute toxicity - - 
Cat 1 Acute Aquatic 
toxicity 
100 200 
51 – 96% w/w 
sulphuric acid 
Cat 1A skin irritant - - 
Cat 3 Acute aquatic 
toxicity 
- - 
50% w/w sodium 
hydroxide 
Cat 1 metal corrosion - - 
Cat 1 skin irritant - - 
Cat 1 eye damage - - 
40% w/w sodium 
chlorate 
Cat 1 oxidiser 50 200 
Cat 4 acute toxicity - - 
Cat 2 chronic hazard 
to aquatic 
environment 
200 500 
Table 18 - COMAH Regulations 
Following commissioning and during continuous operation, it is expected that the plant will 
produce 3000 tonnes per annum of 31% w/w sodium chlorite solution. During normal 
operation, 40% w/w sodium chlorate, 96% w/w sulphuric acid, 50% w/w hydrogen peroxide 
and 50% w/w sodium hydroxide are consumed, and 31% w/w sodium chlorite solution is 
produced. The stored mass when the storage tanks are full is shown below (Table 19) along 
with the maximum quantity on the site at any one time. This has been estimated as 1.5 times 
the normal maximum inventory. 
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Chemical Hazard Mass when tank full 
(tonnes) 
Max quantity on site 
(tonnes) 
40% w/w sodium 
chlorate 
Oxidiser 
Acute toxicity 
Aquatic toxicity 
26.4 39.6 
96% w/w sulphuric 
acid 
Corrosive 18.4 27.6 
50% w/w hydrogen 
peroxide 
Oxidiser 
Corrosive 
12 18 
50% w/w sodium 
hydroxide 
Corrosive 15.15 22.725 
31% w/w sodium 
chlorite 
Oxidiser 
Aquatic toxicity 
42.68 64.02 
Table 19 - Storage Volumes & Hazards 
As shown in Table 19 above, the COMAH thresholds are likely to be exceeded based on the 
storage of oxidizing materials and/or materials hazardous to the aquatic environment. Sodium 
chlorate, sodium chlorite and hydrogen peroxide are all oxidisers with a lower tier of 50 tonnes 
and a higher tier of 200 tonnes. 
This therefore puts the plant into the lower tier threshold for the quantity of oxidizing material 
stored on the site.  
As the HSE application process is long and challenging, with no guarantee of success, the 
decision was made to start the plant by producing only 1000 tonnes per annum of 31% w/w 
sodium chlorite solution. Therefore, the COMAH thresholds have not been exceeded and 
commissioning/start-up could continue. It was noted that a future application could be made to 
the UK HSE and would have more chance of success, if it could be demonstrated that the plant 
could be run safely on a smaller production rate and then subsequently scaled up for demand 
purposes. 
4.9.2 Health & Safety at Work Act (HASAWA) 1974 
The Health & Safety at Work Act 1974 is the central piece of UK legislation that covers all 
occupational health and safety matters pertaining to all workplaces. It is wide reaching and 
very comprehensive and is supplemented by numerous statutory instruments that have been 
produced to assist with enforcement of the Act. The Act itself covers duties of employers to 
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their employees, duties of employees in the workplace and duties of employers to the general 
public. Overall, health, safety and the welfare of all personnel must be assured as far as is 
reasonably practicable (otherwise known as ALARP – as low as reasonably practicable). This 
means that the compliance with the Act is required up to the point whereby the cost of any 
additional control measures must be grossly disproportionate to the further reduction in risk. 
This also must be demonstratable. In terms of chemical plant design, three key areas are 
considered: 
1) Substitution – can hazards (or hazardous chemicals, etc) be substituted with less or non-
hazardous variants 
2) Intensification – by minimising the stored inventory 
3) Attenuation – diluting hazards as far as is possible 
Where possible in this proposed design, these principles have been used throughout. For 
example, sodium chlorate can be produced as solid powder and then diluted to produce sodium 
chlorate solution. These solid crystals are difficult to handle – they form dusts and can lead to 
potentially explosive environments. Therefore, even although it is more expensive, the process 
will use a sodium chlorate solution already diluted before delivery into the plant. 
4.9.3 Control of Substances Hazardous to Health (COSHH) 2002 
COSHH Regulations place a responsibility upon the employer to ensure that all hazardous 
substances are controlled and managed appropriately, to minimise the risk of exposure to either 
employees, the public and/or the environment. It requires the employer to properly and 
adequately risk assess all stored chemicals and to put control measures in place to reduce risks 
where necessary, to an acceptable level. Generally, there are three recognised methods to 
reduce exposure to the individual and the environment: 
1) Control at source – elimination or substitution 
2) Engineering control – physical barriers, etc 
3) Personal protective equipment (PPE) 
It is a widely accepted convention that the above should be used in the order listed above 
thereby making PPE a very last resort and should not be routinely used as a “first response”. 
This methodology has been deployed in the design of this plant with controls in place to prevent 
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dangerous situations occurring and containment preventing employees from coming into 
contact with dangerous substances or those hazardous to health during normal operation. 
However, there are certain situations whereby contact between chemicals and employees 
cannot be avoided (i.e. during the filling of IBCs from bulk storage with the final product). 
Therefore, suitable and maintained PPE shall be used by employees to deal with this. 
4.9.4 Dangerous Substances (Notification and Marking of Sites) Regulations 1990 [5] 
These Regulations are made under the HASAWA and require notification to the local fire 
authority and HSE for any site with a total quantity of 25 tonnes or greater of any dangerous 
substance. A dangerous substance is any substance that has a listed hazard (e.g. flammable). In 
this case, the relevant parties were notified. 
4.9.5 Safety Advice for Bulk Chlorine Installations [6] 
The HSE have released a best practice document for installations which is the most relevant or 
closely aligned guidance document for ClO2. Within the design of this plant, the 
recommendations made in the guidance have been followed as closely as possible. The 
document covers a lot of the same points as COMAH where it needs to be demonstrated that 
major hazards have been identified and adequately controlled, and any accidents must be 
reported to the HSE.   
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Chapter 5: Experimental Results 
The new eductor reactor/separator was presented in chapter 4, along with qualitative 
descriptions of the initial testing of the unit. Due to the hazards involved and the scale of the 
pilot facility, a detailed operational procedure was devised for these trials. This chapter presents 
the details of those experimental trials. 
5.1 Experimental Procedures 
5.1.1 Control System 
Since this pilot plant was not going to have automated control for this initial experimental 
phases, various steps were taken to ensure that the plant could be operated safely in order to 
produce to evaluate the plant efficiency. These were: 
1) A bursting disc was installed to the reactor top, along with a vent line to atmosphere which 
would allow the quick release and escape of ClO2 gas in any decomposition following ClO2 
gas accumulation 
2) The water flush system was connected to the reactor and instead of being operated by an 
actuated valve, this was operated manually using a ball valve and the operator would be 
located behind a thick (>50mm) concrete blast wall. 
3) Physical monitoring of the reactor pressure from outside of the bund area. If vacuum were 
lost, this would allow the emergency stop button to be pressed (shutting down all chemical 
dosing pumps but not the absorber loop recirculation pump). Water flush would then be 
activated, and the process would be shut down safely. 
4) Before each experimental run, the operators held a brief “tool box talk” explaining the 
process operation, the risks associated and the emergency plan in case of failure. It was also 
compulsory to wear full PPE which comprised protective chemical suit, vapour type gas 
mask, steel toe capped footwear, eye protection and chemical resistant gloves. No entry 
was permitted to the bunded area to avoid all trip hazards from pipes, etc. 
5) Each operator was assigned a personal ClO2 gas alarm which would create an audio and 
visual alarm on activation from ClO2 gas (i.e. > 0.1 mg/l in air) 
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5.1.2 Experimental Operation 
The operation and control philosophy for the testing stage of this pilot plant is similar to that 
of the automated plant. 
1) Sodium chlorate, hydrogen peroxide and sulphuric acid were dosed from IBC storage tanks 
to the ClO2 reactor, ClO2 gas and aqueous solution is produced, together with other aqueous 
by-products.  
2) The ClO2 gas is then removed instantly from the reactor by the vacuum produced by the 
eductor.  
3) This ClO2 gas then enters the absorber loop and participates in a second liquid phase 
reaction with hydrogen peroxide and sodium hydroxide, thereby reduced to sodium 
chlorite.  
4) Water is also dosed to the absorber loop which is required to dilute the product to the 
desired mass fraction.  
5) Over the course of several hours of continuous operation, the chlorite concentration 
increases in the absorber loop until the desired concentration of 31% w/w sodium chlorite 
is achieved. After this, the ClO2 gas production is stopped, and the product is then decanted 
to IBCs from bulk storage for onward distribution.  
6) Once suitable volume is created within sodium chlorite bulk storage, the above process can 
then be restarted. 
As the sodium chlorite solution is created, the waste liquor from the reactor flows under gravity 
to the drain reservoir vessel as both are operated at the same vacuum pressure. In this vessel, 
the liquor is sparged with air that is pulled into the system by the eductor and the air is dispersed 
evenly through the vessel using a porous material. The spent waste acidic liquid was then 
pumped to waste IBCs using a gear pump. The spent acidic liquid was then neutralised and 
disposed of safely and environmentally. 
The following method was used for each experiment that took place: 
1) The water and NaOH dosing pumps were switched on at the required settings, dosing the 
pre-determined volumes to the absorber vessel 
2) The absorber loop pump was started, recirculating liquid at a rate of 11 m3/hr through the 
eductor, thus creating a vacuum within the reactor and drain reservoir vessel 
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3) The air inlet valves on the drain reservoir vessel were opened to allow air sparing in this 
vessel to begin 
4) The chemical and water dosing pumps were activated, thus starting ClO2 generation within 
the reactor and allowing production of sodium chlorite in the recirculating absorber loop 
5) Once, liquid collected in the drain reservoir vessel, the drain reservoir pump was activated, 
thus discharging waste liquid to the treatment section 
6) Small volumetric samples were taken from the absorber loop and drain reservoir vessel 
throughout each test and analysed for the parameters described below 
7) After the pre-determined time allowed for each operational test, the system was shut down 
safely 
The above method was applied to each experimental operation of the plant. Each experiment 
had slightly different operating parameters and before each test described below, a brief 
description of the individual method that was used is provided. 
5.1.3 Testing Parameters 
The testing process had two objectives: to determine the actual chlorite production rate 
compared to theoretical production rates but more importantly, to ensure that this concept 
system could be operated safely and efficiently, particularly as the system was being run with 
little or no automated control system. 
Frequent samples were taken from the absorber loop pipework, during operation, and the 
samples were tested for the following: 
1) Chlorite concentration 
2) Chlorate concentration 
3) pH 
Chlorite concentration was of paramount importance to this investigative work as it was one 
of the main objectives of the plant design. It was also important to understand the chlorate 
concentration as this must be carefully controlled when sodium chlorite solutions are 
manufactured and sold commercially in the open market. It is known that sodium chlorite 
prefers basic conditions and so it was deemed to monitor the pH as well. 
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The measured chlorite concentration was obtained using Ion Chromatography (IC) and the 
theoretical concentration was determined using the following equation 5.1. 
𝐶𝑁𝑎𝐶𝑙𝑂2 =
𝑚𝑁𝑎𝐶𝑙𝑂2
𝑉𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑟
        Equation 5.1 
Where; 
CNaClO2 = chlorite concentration (mg/L or ppm) 
mNaClO2 = produced mass of chlorite (mg) 
Vabsorber = volume of absorber loop tank (L) 
Samples were also taken from the drain reservoir vessel, prior to the final waste neutralisation 
step. These samples were analysed by IC for: 
1) ClO2 concentration 
2) Free chlorine 
3) pH 
4) Chlorite concentration 
5) Chlorate concentration 
The ClO2 concentration is important as it allows a quantitative method of measuring the 
effectiveness of air sparging within the drain reservoir vessel. Free chlorine was analysed for 
as it is a sign that ClO2 had been present but has instead degraded instead of being returned to 
the reactor. Measuring pH ensured that the correct neutralisation method was applied to the 
waste prior to disposal. Finally, chlorite and chlorate measurement allowed a correct 
assessment of the reaction efficiency (i.e. conversion of chlorate to ClO2 in the initial 
chemistry). 
5.1.4 Water and Pressure Testing 
The first test that was carried out on the plant was a thorough water and pressure trial to identify 
any leaks and to establish that chemicals could be successfully deployed on the plant. IBCs of 
water were connected to the suction side of the chemical dosing pumps and these were started. 
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The pipework was then carefully observed, and any leaks were identified and rectified as 
necessary. The absorber tank was then filled with around 500 litres of water and the absorber 
pump started, thus recirculating water through the absorber loop, eductor and reactor system. 
Again, any minor leaks were noted and rectified. 
The next test was to ensure that the eductor was capable of creating and maintaining a vacuum 
within the reactor and the drain reservoir vessel for an extended period of time. This was to 
make sure that, during normal operation, there would be no loss of vacuum which could lead 
to a spontaneous decomposition of ClO2 gas due to an accumulation of ClO2 gas > 9% v/v. The 
absorber loop pump was again started, and water was recirculated through the eductor. 
Absolute pressure gauges were connected to the reactor and drain reservoir vessel and the 
pressure was monitored for an hour. Quickly, it was established that a firm vacuum was 
produced in the reactor and a slightly weaker vacuum was produced in the drain reservoir 
vessel, presumably due to distances and pipe sizes between eductor and vessel. This test 
indicated quite clearly that the system would be able to maintain and hold a vacuum during 
continuous operation of the plant. 
Another factor that was examined during this phase of testing was the flow of waste liquor 
from the outer chamber of the reactor system to the drain reservoir vessel. To avoid a dangerous 
increase in level inside the reactor during continuous operation, the process relies upon the 
waste liquid flowing via gravity into the drain reservoir vessel. However, as both vessels are 
held under approximately the same vacuum pressure during normal operation it was unknown 
if gravity alone would cause the liquid to flow between reactor and drain reservoir vessel due 
to a difference in installation heights as the pressure difference driving force may be too small. 
To test this, the absorber loop pump was started, creating the same reactor/eductor vacuum as 
before and water was then dosed into the reactor. This was then allowed to overflow from inner 
to outer chamber and then onto the drain reservoir vessel with a very low retention time noted. 
This confirmed the height difference above was sufficient to allow the waste liquid to flow 
freely. 
The emergency reactor water flush was also tested to ensure that it could flood the reactor 
quickly enough to quench the reaction in a failure scenario. The inner and outer drain valves at 
the bottom of the reactor were manually closed and the valve that controlled the water inlet to 
the reactor was opened. It was observed that the reaction zone within the reactor was flooded 
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within a matter of seconds and such it was deemed acceptable that this would sufficiently 
quench the chemical reaction in a failure scenario. 
The final testing phase of this set of basic trials was to test the gear pump that removed the 
waste liquid from the drain reservoir vessel to the waste treatment IBC. This pump had been 
specified to pump from a vacuum and it was necessary to test this to ensure the continual 
removal of sparged waste liquid from this vessel. The drain reservoir vessel was filled with 
water and the absorber loop pump was activated, creating a vacuum in both the drain reservoir 
vessel and reactor. The gear pump was then switched on. It was determined that this pump was 
capable of pumping from the drain reservoir vessel, even when operating under vacuum. 
This concluded the water and pressure testing phase of this plant. All chemical dosing lines 
and process pipework were pressure tested for leaks and some minor repairs were made. The 
reactor water flush, waste gear pump and liquid flow from reactor to drain reservoir vessel 
were all tested and found to be suitable for normal operation. As a result of this water and 
pressure testing phase, chemical testing was allowed to proceed. 
5.2 Details of Experiments 
In total three experiments were performance to gauge the operating principle and performance 
of the process as per Table 8 from earlier: 
Exp. 
No. 
Objective 
1 Verify that the process could operate up to its maximum capacity which had an 
equivalent ClO2 production rate of 45 kg/hr. 
2 To verify that the system could operate up to its newly defined maximum capacity 
of 30 kg/hr, based on the installed eductor. 
3 To determine the actual production rate of chlorite ions and to compare this with 
the calculated theoretical value, in the production of a batch of 8.5% w/w NaClO2. 
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5.2.1 Experiment One 
a) Experimental Method 
The method described under Experimental Operation above was used in this experiment. Prior 
to ClO2 production commencing, 400L of water and 12.8L of 50% w/w NaOH were added to 
the absorber vessel. To verify efficient and safe operation of the process, the plant was initially 
started at a production rate of 10 kg/hr 100% w/w ClO2. This was then increased steadily to 
20, 30 and 45 kg/hr 100% w/w ClO2. Each production rate would be operated for a period of 
10 minutes, except for the 45 kg/hr production rate, which ran for 20 minutes. Grab samples 
were taken from both the absorber loop and drain reservoir vessel at the beginning and the end 
of the 45 kg/hr production run. These were then analysed for the parameters listed above under 
Testing Parameters. The dosing pumps were set according to the process material balance, 
using volumetric flowrates – full details can be found in the relevant appendix. 
b) Results 
Figure 34 shows a plot of the expected and actual concentration of chlorite ions in the absorber 
loop that were obtained from experiment one. Table 20 displays the results from the drain 
reservoir vessel samples over a 30 minute and 50-minute operational period. 
 
Figure 34 – Chlorite Concentration versus Time in Absorber Loop 
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Time (mins) CClO2 (mg/l) CCl2(free) 
(mg/l) 
pH Cchlorite (mg/l) Cchlorate 
(mg/l) 
30 310 <0.02 0.7 208.75 55,310.86 
50 892 <0.02 0.4 265.81 65,176.18 
Table 20 – Measured Concentration & pH from Drain Reservoir on 45 kg/hr for 20 minutes operation 
Figure 34 clearly indicates that the measured chlorite concentration of the solution from eductor 
was far below that of what was expected from the chemical reaction. It was discovered from 
Figure 34 that the production rate of chlorite was far less than expected. It can also be seen 
from Table 20 that very high levels of chlorate were produced in the drain reservoir vessel. 
This suggests that large amounts of unreacted sodium chlorate are leaving the reactor without 
converting to ClO2.  
c) Discussion 
The low production rate of chlorite ions was surprising as according to the material balance the 
feed rates of all precursor chemicals should produce 45 kg/hr ClO2 in the reactor. However, it 
was thought that a large excess of sulphuric acid was required to drive the reaction kinetics. 
Literature had not documented this feature which came from internal discussion with Scotmas 
Ltd. The material balance in this case suggested a unit with a production rate of 1 kg/hr ClO2 
100% w/w, requires the following volumetric flowrates of Purate (40% w/w chlorate, 8% w/w 
hydrogen peroxide in water) and sulphuric acid: 
 VPurate (L/kg ClO2) Vsulphacid (L/kg ClO2) 
1 kg/hr ClO2, 100% w/w 2.866 2.91 
Table 21 - Required Flowrates for 1 kg/hr ClO2 from Purate and Sulphuric Acid 
By using Appendix C (material balance for 45 kg/hr ClO2), the densities of each species and 
Table 21 above, the maximum ClO2 production rate that was achieved was only around 5 kg/hr, 
as opposed to 45 kg/hr. This was an obvious issue that had to be rectified. During experiment 
1, sulphuric acid was dosed to the reactor using a Grundfos DME60 digital dosing pump which 
has a maximum capacity of 60 L/hr. This was unable to dose sulphuric acid at the required 
flowrate necessary for 45 kg/hr production. A new pump, a DME150 model, with a maximum 
flowrate of 150 l/hr, was swapped in for subsequent trials.  
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At this point in the testing process, another issue was identified with the eductor sizing. This 
had been sized to provide 20 m3/hr of suction for ClO2 gas from the reactor. However, as can 
be seen from the reaction equation below, Equation 4.1, ½ mole of oxygen is produced for 
every mole of ClO2: 
𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) +
1
2
𝐻2𝑆𝑂4(𝑎𝑞) → 𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) +
1
2
𝑁𝑎2𝑆𝑂4(𝑎𝑞) + 𝐻2𝑂(𝑙) 
          Equation 4.1 
At 45 kg/hr ClO2 production, the equivalent volumetric flowrate of ClO2 gas was calculated as 
16.7 m3/hr. but there was an additional volume of 7.46 m3/hr of oxygen. This meant the eductor 
had to be drawing a minimum of 24.2 m3/hr – exceeding its capacity by over 4 m3/hr. Therefore, 
it was decided for any future experimental work that the maximum ClO2 generation capacity 
would be reduced to 30 kg/hr. This brought the total volumetric flowrate of gases (ClO2 and 
oxygen) down to 16.1 m3/hr. The mass balance was recalculated for 30 kg/hr and the volumetric 
flowrates determined (11.1 m3/hr ClO2, 5 m
3/hr O2, flows at STP). 
Another observation that was made during experiment one was that the length of PVC hose 
through which the air entered the sparing nozzles within the drain reservoir vessel was not 
providing a suitably even distribution of air bubbles throughout the vessel. Whilst the sparging 
appeared to be effective it was decided to investigate other methods for ClO2 de-gassing would 
be investigated. However, due to lead times and other logistical issues, the new 
material/method was not included in this plant. This is discussed later in this report under 
further recommendations/testing for the plant. 
In summary, the aim of experiment one was to verify that the system could be operated at 45 
kg/hr 100% w/w ClO2.  Due to the first reaction requiring a far greater excess of sulphuric acid 
than what was first anticipated the maximum production rate achieved was 5 kg/hr ClO2. It was 
also discovered that the sizing of the eductor did not account for the by-product oxygen gas 
that was produced in the reaction shown in Equation 4.1. This mean the maximum ClO2 
capacity using this eductor would be 30 kg/hr rather than 45 kg/hr. Despite the operational 
issues, the basic operational principles were verified, albeit at a very low percentage (11%) of 
the intended design capacity. Before experiment two was carried out, both the NaOH and 
sulphuric acid dosing pumps were swapped so that the capacity could be increased to 30 kg/hr 
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effectively. The mass balance was also recalculated for 30 kg/hr and the excess acid 
requirement. Details can be found in the relevant appendix. 
5.2.2 Experiment Two – 30 kg/hr production rate 
a) Experimental Method 
The method described above under Experimental Operation was used in this experiment. Prior 
to ClO2 production commencing, 400L of water and 12.8L of 50% w/w NaOH were added to 
the absorber vessel. To verify efficient and safe operation of the process, the plant was initially 
started at a production rate of 10 kg/hr 100% w/w ClO2 for 5 minutes of continuous operation. 
This was then increased steadily to 20 (for 5 minutes) and 30 (for 60 minutes) kg/hr 100% w/w 
ClO2. Grab samples were taken from both the absorber loop and drain reservoir vessel every 
15 minutes during the 30 kg/hr run. These were then analysed for the parameters listed above 
under Testing Parameters. The dosing pumps were set according to the process material 
balance, using volumetric flowrates – full details can be found in the relevant appendix. It was 
decided to use a 30% molar excess of NaOH and a 100% molar excess of H2O2 in the absorber 
loop. There was the possibility this could lead to the formation of undesirable chlorate ions in 
the absorber loop; however, it was decided to run with these dosing rates initially and to 
optimise in future work. 
Before the experiment began, an issue was noted with the 50% w/w NaOH which was stored 
in the plant within an IBC. Due to the cold ambient temperatures within the plant, the NaOH 
had begun to crystallise both in the IBC and the process pipework. The IBC and connecting 
tubing were therefore disconnected and flushed with water to dissolve the NaOH crystals. 
According to the data sheets, caustic soda freezing points vary considerably with caustic 
concentration – e.g. it was noted that the freezing point of 50% w/w NaOH is 10oC whereas 
for 25% w/w solution the freezing point is -15oC [1]. As it was believed that such low ambient 
temperatures would never be achieved in the Kelso plant the decision was taken to reduce the 
sodium hydroxide solution concentration to 25% w/w. Samples were taken from the diluted 
NaOH and analysed by titration with HCl to verify the correct concentration had been achieved. 
A sample calculation is provided below in the relevant appendix. 
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b) Results 
Immediately after starting the plant up, it was noted that the new dosing pump settings were 
much more accurate as the production of ClO2 gas was far more readily achieved, the increase 
in pressure within the reactor was also an indication that there was more ClO2 produced than 
compared with experiment 1. The system was carefully observed as the production rate was 
increased and it was discovered that the system could be operated in a safe manner at 30 kg/hr 
ClO2. Samples were taken every 15 minutes of the hourly run of 30 kg/hr ClO2. The final 
sample was taken when the system was shut down after 60 minutes of continuous operation. 
These samples were analysed for those parameters listed in Testing Parameters above. 
However, only chlorite and chlorate results were collected and presented in graphical form in 
this report. The theoretical concentration of chlorite was also determined and plotted on the 
same graph to provide a comparison. These results are displayed below in Figure 35. 
Theoretical chlorite is displayed as the “Series 3” curve. 
 
Figure 35 - Actual and Theoretical Chlorite for Experiment 2 for 30 kg/hr ClO2 
It was discovered that the actual chlorite concentrations were some way less the theoretical 
values. Significant quantities of chlorate ions were also present in each sample.  
c) Discussion 
As can be seen in Figure 35, the actual chlorite concentration in the absorber loop was higher 
than in experiment 1, but lower than calculated for the appropriate sample. By the test’s 
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conclusion, the chlorite concentration should have been around 28,700 mg/l and the actual 
concentration was determined as 15,880 mg/l. Simultaneously, the chlorate concentration was 
2000 mg/l with an increase to 7000 mg/l in the next sample before decreasing again to 2000 
mg/l in the final sample. 
The low chlorite concentration of 371 mg/l after the first sample at 0 minutes was due to the 
initial 10-minute testing period on start up to verify safe and correct operation of the plant. 
After 15 minutes, the concentration increased to 2250 mg/l, then to 7000 mg/l at the half way 
point, 16,500 mg/l at 45 minutes. The final sample, taken after 60 minutes, was found to have 
a chlorite concentration of 15,880 mg/l, demonstrating that a fall in chlorite concentration had 
taken place. This was attributed to a sampling error as there was no practical reason to explain 
why the chlorite concentration would have dropped over the final 15 minutes of operation. 
Therefore, it can be assumed that the chlorite concentration had increased between 45 and 60 
minutes. 
It was observed that the chlorite concentration from every sample was less than the theoretical 
concentration. Therefore, it was decided to take more frequent samples during the next test of 
the plant in order to reduce measurement inaccuracy. The presence of chlorate in each sample 
still remains an issue indicated the excess NaOH in the absorber loop was too high causing an 
undesired side reaction to take place. It was decided to reduce NaOH in the next testing run. 
In summary, the objective of experiment two was establish that the system could be operated 
safely and efficiently based on a ClO2 capacity of 30 kg/hr 100% w/w. This was successfully 
proven before the test was permitted to continue for up to 60 minutes of operation to verify the 
produced chlorite concentration. It was discovered that the chlorite concentration was some 
way less than that predicated by theoretical calculation. This was believed, in part, to be due to 
the excess NaOH present in the absorber loop leading to the formation of excess chlorate. 
Therefore, for the final test, it was decided to remove the excess NaOH to reduce the chlorate 
production and to maximise chlorite production. Sampling frequency was also to be increased 
to confirm the accuracy of the results. The results that were obtained were encouraging as they 
proved the process concept as the testing demonstrated the process design, although requiring 
optimisation, was sound. 
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5.2.3 Experiment Three 
a) Experimental Method 
The method described above under Experimental Operation was used in this experiment. The 
production rate was 30 kg/hr and the testing time was 3 hours and 44 minutes. Samples were 
taken every 15 minutes and analysed for the parameters discussed above in Testing Parameters. 
The only change in operating condition, when compared with experiment two, was to use a 1:1 
molar ratio between NaOH and ClO2 in the absorber loop. Beforehand, this had been a 1.3:1 
ratio. This was to prevent the unwanted formation of chlorate in the absorber loop chemistry, 
which in experiments one and two had been produced in significant quantities. It was also 
decided not to dose any NaOH to the system prior to ClO2 production, again in a further attempt 
to limit chlorate ion production. 
b) Results 
The first two hours of the experiment proceeded without any operational incident of note. A 
pressure of 0.75 bara was maintained inside the reactor and waste liquor was able to flow freely 
from the reactor bottom to the drain reservoir vessel. The results obtained from the absorber 
loop were analysed and demonstrated that encouraging chlorite concentrations were produced. 
After two hours of testing and sampling, a loud bang was heard from inside the ClO2 reactor. 
The bursting disc valve that was located at the top of reactor opened causing the gaseous 
contents to be vented through the emergency vent line and safely out of the building housing 
the plant. At this point, the emergency shutdown button was activated which stopped all dosing 
pumps to the reactor, thereby ceasing ClO2 production. At the same time, the water flush valve 
was opened, completely flushing and diluting the reactor’s aqueous contents to drain. This 
incident forced the test to be abandoned and will be analysed later. However, some results were 
obtained for the two-hour operational period prior to this incident. 
The samples that were taken across the two-hour period at 15-minute increments were analysed 
by IC and the chlorite results were obtained. The theoretical values of chlorite were also 
determined, and all values were plotted on a graph, as shown below in Figure 36. 
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Figure 36 - Chlorite Concentration versus Time for Experiment Three 
The samples were also tested for chlorate and the most encouraging result of experiment three 
was that each sample returned a chlorate concentration of 0 mg/l. The chlorite concentration 
results however, were mixed: at times they were found to be promising whilst at other times 
they were deemed to be clearly inaccurate. In addition, the concentration did not appear to 
increase after a certain point.  
5.2.4 Discussion 
In general, the chlorite concentration increased at a rate consistent with predicted for the initial 
30 minutes but lower after until the end of the experiment. As can be seen in Figure 36, the 
measured chlorite values in the first two samples were found to be higher by IC analysis than 
the calculated values. This was obviously inaccurate but could be related to sample volume 
issues. One possible explanation for this is that a quantity of high concentrated chlorite solution 
remained in the small volume of liquid in the absorber loop tank below the drain valve from 
where the samples were taken. However, this was deemed unlikely, as the absorber loop tank’s 
contents were well mixed due to the turbulent flow present in the absorber loop pipework and 
the tank would have nearly been empty. It was decided that this was most likely an IC machine 
error. It was agreed that there was a certain degree of error associated with the results and after 
this experimentation was completed the IC machine was found to have some defective parts 
that required replacement/recalibration. Therefore, the very small difference between 
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theoretical and actual values was likely to be explained by a simple measurement and analysis 
error as opposed to any other erroneous chemical reaction reasoning. 
After 30 minutes, the chlorite concentration steadily increased (although slower) until the 75-
minute sample. After this, the reading at 90 minutes shows a slight decrease in chlorite ion 
concentration. The last sample, at 105 minutes, shows an increase to 33,725 mg/l. Once more, 
there is a degree of uncertainty in these results based on the explanation above. However, the 
erroneous reading at 45 minutes could have been explained in part due to an air lock in the 
flexible PVC hose on the suction side of the sulphuric acid dosing pump. This was noticed 
during operation and rectified quickly and is the most likely reason for the fall in chlorite 
production, which was rectified later in the experiment. 
The sulphuric acid dosing line issue was rectified at around 60 minutes and this can be proven 
by the fact that the chlorite concentration began to rise once again, achieving 31,364 mg/l at 75 
minutes. The sample at 90 minutes showed a further slight decrease before an increase in the 
last reading at 105 minutes of 33,725 mg/l chlorite. Due to the test being halted immediately 
after the 105-minute sample, it is difficult to confirm the true production rate of sodium chlorite 
solution towards the end of the experiment. However, it is assumed that the chlorite production 
rate would have continued to increase at the same rate as in the first 30 minutes of experiment 
three. All chemical dosing lines were inspected following shut down and no issues were 
detected. The pressure inside the reactor remained constant throughout the 105 minutes of 
operation, at around 0.75 bara. Air sparging within the drain reservoir also remained constant 
during operation, therefore indicating that the ClO2 production was approaching the capacity 
of 30 kg/hr. 
It became apparent following this test that the results obtained by IC were not the most reliable. 
Following this work, a replacement column and tubing was ordered and replaced within the IC 
machine to improve the accuracy of readings. Due to time constrains with the work, the samples 
were not further analysed by IC with the repaired IC machine. However, it is appreciated that 
the results obtained demonstrate the general trend of chlorite ion production versus time. 
Perhaps the most important result obtained from this work in experiment three was the absence 
of chlorate in every sample. This was evidence to corroborate the fact that by running the 
process on a 1:1 molar basis between NaOH and ClO2 had a positive outcome on chlorite 
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generation. This was combined with the decision by not dosing any NaOH manually to the 
absorber loop tank prior to starting the process and ClO2 generation. Conclusively, the test was 
ultimately unsuccessful due to the spontaneous combustion of ClO2 after 105 minutes that 
resulted in the loss of containment within the reactor and the subsequent emergency shutdown 
of the process. However, the produced levels of chlorite ions in solution versus the absence of 
chlorate ions were highly encouraging. 
5.3 References 
[1] S. Hess, “Liquid Sodium Hydroxide reaches Freezing Point”, 17/01/2017, [Online] 
https://www.doeingalls.com/liquid-sodium-hydroxide-reaches-freezing-point/. 
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Chapter 6 Design Review and Further Recommendations 
This chapter comments on the failure noted in experiment 3 and the recommendations 
necessary to ensure the system can be run safely in the future. Due to timing constraints and 
company commitments, these recommendations were not put in place by the time the KTP 
project had finished. 
6.1 Review from Experiment 3 
 
One of the main objectives of experiment three, detailed in Chapter 5, was to verify the 
theoretical production rates of sodium chlorite solution versus actual production rates. The 
experiment was originally scheduled to last three hours and 45 minutes with increased 
measurement frequency to establish the actual production rate of chlorite with respect to a ClO2 
duty of 30 kg/hr. As the reactor and drain reservoir vessel operated under the same vacuum 
generated by the eductor, the waste liquid flowed freely. In the drain reservoir vessel, this waste 
liquor was sparged with inlet air to drive any remaining dissolved ClO2 gas into the gaseous 
phase. Once the drain reservoir vessel had become full the waste gear pump was activated to 
transfer the final spent liquor to waste treatment and disposal. This process was observed to be 
functional. The removed ClO2 gas was returned to the reactor/eductor system by the gas return 
line which was located on top of the drain reservoir vessel and entered the PVDF reactor body 
towards the top, close to the eductor. A sketch of this arrangement is provided in Figure 37. 
The first two hours of experimental three passed with little incident. There was a small leak 
that developed on the sulphuric acid dosing line. However, this was rectified quickly – 
otherwise the system was operating correctly. The pressure inside the reactor was maintained 
Figure 37 - Drain Reservoir and Reactor Arrangement 
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at 0.75 bara whilst the pressure inside the drain reservoir was slightly higher (around 0.8 bara) 
due to the inlet air used for sparging this vessel. There were no indications as to any issues with 
the process: the pressure inside the reactor was verified minutes before the failure incident and 
no distinct “popping” or “banging” noises were heard or detected within the reactor, which are 
characteristically associated with a ClO2 decomposition event. 
After 120 minutes of continuous operation, a loud bang was heard from the very top of the 
reactor/eductor system. A large, almost-instantaneous pressure increase occurred which lifted 
the pressure relief valve sending a large quantity of ClO2 gas up the emergency vent line and 
straight out the building vertically. 
The emergency procedure was then followed. Firstly, the emergency stop button was pressed 
which stopped all chemical dosing to the reactor. The water flush ball valve was then opened 
which then caused the reactor to flood with water, quenching any chemical reaction. All drain 
valves were then opened on the reactor which allowed fresh water to freely dilute the reactor 
contents and to send the contents to drain. After a period of several hours, both the 
reactor/eductor system and drain reservoir vessel were drained and the process failure could be 
investigated in more depth. 
6.2 Discussion 
There are several possible theories as to why the ClO2 explosion occurred, the predominant 
theories are considered in this report. 
Firstly, the waste pump (from drain reservoir to waste treatment) was found to be defective. 
When the pump had been started at the start of experiment three it was noted that liquid was 
being transferred from the drain reservoir vessel to the waste treatment IBC. However, during 
the reactor water flush procedure, it was noted that the liquid was no longer being pumped from 
the drain reservoir vessel. This was surprising as the motor was still found to be rotating but 
no liquid was being pumped through the discharge line to the IBC. This had obviously caused 
the drain reservoir vessel to fill to capacity and crucially, to overflow back into the gas return 
line between vessel and reactor/eductor system. This explains why, at the same point as the 
failure occurred, liquid was being siphoned back up to the gas return line to the reactor before 
falling back down the correct line from reactor to drain reservoir vessel. This was not believed 
to be a significant issue during normal operation as all vacuum pressures within reactor and 
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drain reservoir vessel were observed to be constant so a loss in eductor function was not 
expected. 
As the stored volume within the drain reservoir vessel continued to increase, the eductor was, 
simultaneously, capable of pulling liquid up the gas return line close to the entry point of the 
reactor. It is believed that, at the point when the liquid was siphoned into the reactor, the force 
exerted by the eductor was enough to carry liquid through the eductor and into the absorber 
loop. The eductor was sized to remove ClO2 gas from the reactor and drain reservoir vessels 
(from sparging) and it is believed that the sudden accumulation of excess liquid at the gas 
suction side of the eductor led to a sudden loss in vacuum pressure. Subsequently, this led to a 
build-up of highly concentrated ClO2 gas in air at atmospheric pressure, far exceeding the 9% 
v/v in air explosive limit. Finally, this breach of the ClO2 in air explosive limit instantaneously 
resulted in a spontaneous ClO2 decomposition and subsequent explosion, manifesting as a large 
release of kinetic and sound energy. 
 
Another possible reason for the incident came from the reactor design itself, specifically, the 
“swan-neck” design of the pipework connecting reactor and eductor. A diagram of the 
arrangement is shown in Figure 38, showing: a reducing tee fitting on the main body of the 
reactor, a short length of PVDF pipe and a 90-degree elbow which leads to the gas suction side 
of the eductor. The bursting disc is also shown. It is immediately obvious that this piping system 
possesses several right angles. It is possible that during normal operation, ClO2 gas has 
Figure 38 - Reactor/Eductor Pipework Arrangement 
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collected in the corners of these right angles which are in low flow regions of the pipework and 
could be considered as dead zones. As experiment three progressed, the ClO2 gas in air 
concentration would have increased steadily, possibly breaching the 9% v/v in air limit. This 
theory is supported by the sound of the explosion which came from the top of the reactor, close 
to the connecting pipework between reactor and eductor, where the dead zones would be 
located. The noise was later found to be the bursting disc going off – this safety feature 
therefore protected the equipment and the PVDF reactor was found to be undamaged when 
dismantled and physically inspected. 
However, one positive aspect of the reactor design was the effectiveness of the pressure relief 
design. Following the spontaneous decomposition of ClO2 gas, the reactor was isolated, 
flushed, drained and removed from the process for inspection. The reactor showed no visible 
signs of damage either to interior or exterior surfaces. The reactor surfaces were also inspected 
by UV light and no cracks were identified. The reactor design was such that it was built to be 
tall and narrow. This was to direct any released energy and resultant force upwards and straight 
out of the bursting disc at the reactor top. Due to this design, the reactor mechanical structure 
had remained intact and could be reincorporated into further iterations of the process design. 
Although this incident was clearly an unwanted occurrence, it did highlight significant design 
issues with the process that required design review. The gas return line between drain reservoir 
and reactor was one of the most significant issues as the eductor had clearly siphoned liquid 
through this line ultimately leading to the loss in vacuum which in turn resulted in the ClO2 gas 
spontaneously decomposing with a large release of energy. The failure of the gear pump was 
also highly significant as it caused the drain reservoir level to increase to the point where liquid 
was easily siphoned up and into the eductor gas suction side, causing the vacuum loss observed. 
Finally, the presence of gaseous dead zones in the pipework between reactor and eductor, 
where pockets of ClO2 gas could breach the 9% v/v limit was also a significant issue. This 
could also have contributed to the decomposition reaction observed in experiment three. 
Following this, several modifications were made to the process design and would be included 
in the next iteration of testing.  
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6.3 Process Design Review 
6.3.1 Existing Process Improvements 
The first issue to investigate was the failure of the gear pump which led to the increased liquid 
level in the drain reservoir vessel. When the gear pump was switched on during start up, it was 
noted that liquid was being discharged to waste treatment successfully. However, during shut 
down in experiment three, it was noted that the pump was not discharging liquid, but the pump 
motor was still rotating, indicating a failure had taken place. When it was attempted to restart 
this pump, it would not switch on at all. This was believed to be an unrelated electrical issue 
that could be rectified by replacing a breaker in the starter panel. However, the reason for pump 
failure during experiment three was thought to be related to a process issue. 
 
 
This gear pump was originally specified to draw liquid from a negative head (i.e. below 
atmospheric pressure) so that it could continuously discharge liquid from the drain reservoir 
vessel at a flowrate higher than the liquid being discharged from the reactor. When the concrete 
pump mounting plinths were installed, the absorber loop pump plinth was built to a height so 
that the suction line was aligned with the absorber loop tank flanged connection.  
The gear pump plinth was built to the same height as the absorber loop pump plinth. This 
resulted in the gear pump having an increase in elevation between the drain reservoir vessel 
connection and the pump suction side connection and Figure 39 illustrates this. The operation 
of this pump against the height difference was tested with water and found to be operational 
before any chemicals were introduced to the system. 
Although the pump should have been capable of pumping from a negative pressure source, it 
is believed that the process set up led to the failure of the gear pump. The orientation of the 
suction line with a height increase of 500mm, along with the vacuum being produced in the 
reactor/eductor arrangement led to the pump becoming unable to discharge liquid from the 
Figure 39 - Gear Pump and Drain Reservoir Vessel Arrangement 
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drain reservoir. It is therefore recommended that the gear pump be lowered in a process with a 
similar design or to investigate other methods of ClO2 gas recovery which do not rely on 
secondary vessels with connecting gas lines which could, in theory, backfill into the eductor 
thereby losing the produced vacuum, causing a ClO2 gas decomposition reaction. 
  
Due to the gear pump failure, the eductor was observed siphoning liquid through the gas return 
line and into the eductor gas suction port, which ultimately led to a ClO2 gas decomposition 
reaction. Therefore, it is imperative that this section of the process was modified to prevent 
reoccurrence. In normal operation, the aqueous contents of the drain reservoir vessel would 
normally be sparged with air to drive more ClO2 gas from solution so that it can enter the 
absorber loop through the gas return line. This is to increase the production rate of sodium 
chlorite solution in the absorber loop. However, the total ClO2 gas that could be recovered from 
the drain reservoir loop represented around 3% by weight of the total mass of ClO2 produced 
in the process, resulting in little effect in product quality presuming that ClO2 could be 
generated in slight excess. It is therefore suggested that in future work the remaining ClO2 gas, 
sparged by inlet air, could be collected using a separate eductor/absorber arrangement. The 
motive fluid in the secondary absorber loop would be a neutralising (basic) chemical such as 
sodium thiosulphate. In future work, it may also be useful to investigate a side stream 
arrangement from the main absorber loop to maximise the ClO2 gas recovery, thereby 
increasing sodium chlorite production. However, for the scope of this work, any excess ClO2 
Figure 40 – Block Diagram with Additional Neutralisation Step 
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gas will be neutralised to prevent any possible siphoning/loss of vacuum issues in the 
reactor/eductor system. 
The issue with the dead zones in the reactor pipework also requires process alterations to 
minimise any collection of ClO2 gas during normal operation. The current reactor construction 
involved several right angles in the “swan neck” pipework joining the reactor to the eductor. 
For the construction of any future reactors, all 90-degree elbows will be replaced by 45-degree 
elbows, the pipework will be minimised between reactor and eductor. The pipework also 
connecting the reactor to the busting disc would also be shortened to prevent accumulation 
above the reactor and below the bursting disc, during normal operation. A sketch of the re-
designed upper portion of the reactor is shown in Figure 41.  
 
 
Figure 41 - Reactor Modifications  
With the above issues resolved, the process should be able to be restarted to safely produce 
sodium chlorite solution to a more desirable concentration. 
6.3.2 Future Developments 
Further recommendations are now considered with regards to air sparging and method for 
maximising ClO2 production in the absorber loop without contaminating the final sodium 
chlorite solution product with chlorate. 
6.3.3 Improved Air Sparging 
The main function of the current drain reservoir vessel is to reduce the ClO2 gas concentration 
in solution prior to neutralisation and disposal. To achieve this, the vessel contents are sparged 
with air which is known to be effective to drive ClO2 gas into the gaseous phase from aqueous 
solution. Sparged air was introduced to this vessel through PVC with several small holes along 
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the length, installed inside the drain reservoir vessel. The vacuum produced by the eductor 
pulled air through the holes into the drain reservoir vessel, thus producing a sparging effect. 
The flowrate of air into each of the three sections of the drain reservoir vessel was controlled 
by variable area flowmeters, one installed on each air inlet line. 
Testing of the waste liquor from the drain reservoir vessel demonstrated that this method of air 
sparging decreased the ClO2 concentration to around 4000 mg/l. This was a reduction from the 
inlet concentration of 10,000 mg/l so demonstrated a 60% recovery on a mass basis in this part 
of the plant. However, it was believed that other, more efficient systems could reduce the outlet 
ClO2 concentration further still. The main issue with the current design was believed to be the 
installed PVC hose, which was unable to distribute the air through the drain reservoir tank 
effectively and evenly. Various other porous materials were then investigated and tested to 
determine their suitability for inclusion in the process, thereby replacing the current PVC 
tubing. 
Some brief experimental work was used to determine the material best suited for the process. 
6.3.4 Experimental Equipment and Procedure 
A sketch of the experimental equipment is detailed in Figure 42. 
 
Figure 42 - Air Sparging Experimental Equipment 
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A small chamber of 700ml, herein referred to as the flow cell, was manufactured from clear 
PVC pipe. An eductor (of a much smaller capacity than that used in the pilot plant) was 
connected to this flow cell. The motive stream for this eductor was provided by an installed 
centrifugal pump which discharged liquid from an IBC through the eductor and back to the 
IBC, similarly to the absorber loop operation. ClO2 solutions of around 2000 mg/l were 
transferred into this flow cell. The centre part of the flow cell had a removable fitting which 
allowed various porous sparging materials to be incorporated into the flow cell. From the 
porous material, a length of thin plastic tubing was connected to a variable area flowmeter. For 
some tests, the air flowrate was provided only by the suction force of the eductor but for later 
tests an air blower was used to increase the air sparging flowrate.  
The ClO2 solution was manually dosed into the system and the centrifugal pump was switched 
on, gradually creating a vacuum of around 0.75 bara within the flow cell. Air sparging was then 
started allowing air to diffuse through the solution, thereby providing de-gassing. Samples were 
taken from the flow cell frequently and the ClO2 was plotted against time to establish the most 
effective porous material. Two types of sparging material were considered, a spherical ceramic 
type diffuser and a Vyon tubular diffuser. Spherical ceramic diffusers are commonly deployed 
in domestic fish tanks and other aquatic features. Several industrial equivalents are available, 
one of which was used for this testing. They can also be scaled up and incorporated into the 
drain reservoir vessel. Vyon tubular diffusers are used to aerate sewage tanks and other liquids 
containing significant quantities of particulate materials. Vyon has several desirable properties 
including: high chemical resistance to ClO2 and an ability to operate across a wide range of 
pH. It is manufactured primarily from HDPE and can be custom made into various standard 
fitting types which makes it easier to incorporate into any future process design. 
Due to design constraints regarding the flow cell bottom, it was not possible to attach the Vyon 
diffuser into the flow cell for a complete test. However, within the brief time the diffuser was 
tested, bubbles were formed on the surface of the HDPE material and the solution degassed 
quickly. For the purposes of this report, the spherical ceramic material was tested against 
having no diffusing material at all, thus determining how effective sparging/air diffusing 
materials were in general when used for degassing ClO2 solutions. It was assumed that 
increasing the air flowrate would drastically reduce the time required for complete degassing 
of a ClO2 solution – tests were then carried out to establish this. An air blower, capable of 
discharging air at a rate of 18 l/min was used and compared to using the eductor alone. 
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6.3.5 Experimental Results and Discussion 
The results that were obtained from the experimental work are displayed in Figure 43. 
 
Figure 43 - Air Sparging Comparison 
As shown above, the spherical diffuser was tested at both 3 l/min (air provided by the eductor 
vacuum) and 15 l/min (with the air blower) to degas an 1800 mg/l solution to less than 10 mg/l. 
As previously assumed, the higher air flowrate degassed the solution in around 20 minutes of 
operation, whereas the smaller flowrate required nearly 60 minutes of continuous operation to 
achieve a concentration of < 10 mg/l. The test was again carried out without the diffuser, and 
with no air pump, resulting in a flowrate of around 6 l/min and with the air pump, producing a 
flowrate of 18 l/min. The initial concentrations were: for the 6 l/min test, 1400 mg/l and the 18 
l/min test, 1300 mg/l. Once more, the time required to degas the solution to < 10 mg/l ClO2 
was less with the higher flowrate than it was with the lower flowrate – 20 minutes, as opposed 
to 30 minutes of operation. 
Comparing the degassing times at 15 l/min and 18 l/min displayed some interesting results. It 
was shown that, even with a higher initial ClO2 concentration and at a lower sparging flowrate, 
the spherical ceramic diffuser was able to degas the solution in less time than the test without 
the diffuser. This allowed the conclusion to be drawn that the presence of a diffuser and/or 
higher flowrates of air were extremely beneficial for driving ClO2 gas into the gaseous phase 
from aqueous solution. 
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Therefore, from this work, there are two possible amendments that could be easily made the 
drain reservoir vessel for future work.  
The first system would be to use a series of ceramic disc-shaped diffusers, located across the 
bottom of each section of the drain reservoir vessel, as shown below. These diffusers would 
act similarly as discussed above and would operate more efficiently than the currently installed 
PVC hose, thereby increasing air sparging efficiency within the drain reservoir vessel. 
However, a design challenge remains in ensuring that equal volumetric flowrates of air are 
distributed to each disc evenly, so that most of the air does not simply escape through the disc 
closest to the air source. This could be achieved by multiple air sources or multiple air inlets 
throttled back either by an automated control system or manually by the operator. 
 
 
 
 
The alternative proposal would be to connect the Vyon tubular diffuser across the breadth of 
each section of the drain reservoir vessel. This would eliminate the potential for uneven air 
distribution as could be possible through each ceramic disc on the pad. Significant 
disadvantages with this method are the lack of experimental data coupled with higher capital 
costs associated with manufacturing such an arrangement (set up, tooling costs, etc). However, 
as this material was developed for industrial degassing applications it is anticipated that this 
material would be highly effective at removing ClO2 gas from aqueous solution. In addition, a 
significant benefit of Vyon is its chemical compatibility with ClO2 solutions. The diffuser 
would not require to be changed out on a regular basis despite being exposed to corrosive 
(oxidising) conditions under normal operation. 
An industrial air compressor or blower would be needed to generate the required air flowrate 
within the drain reservoir vessel. As shown earlier, the degassing time sharply decreases when 
the air flowrate is increased. The drain reservoir vessel has a volume of 206 litres. The reactor 
Figure 44 - Proposed Ceramic Diffuser Pad 
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liquid flowing into the drain reservoir (assuming density is approximately that of water, 1000 
kg/m3) is around 206 l/hr. Therefore, the liquid in the vessel will be turned over in 
approximately 60 minutes. The concentration entering the reservoir is around 10 g/l ClO2, 
which means a maximum of 2,060 g/hr of ClO2. Using a density of 3.09 g/l 
[1] for ClO2 gas 
(100% w/w), the volumetric flowrate of ClO2 gas to be removed from the drain reservoir is 0.6 
m3/hr. Assuming the 9% v/v limit cannot be breached within the pipework or drain reservoir 
vessel itself, the minimum air flowrate that can be supplied to provide this dilution is 6.6 m3/hr 
of air. It is recommended that the threshold should be kept to 5% v/v as a safety limit, so the 
true air flowrate would be 12.0 m3/hr of air. It is also known that ClO2 solutions of higher 
concentrations will degas much more quickly due to the propensity of the ClO2 gas to be 
removed from solution close to its saturation concentration. In addition, the eductor sizing 
would also need to be checked and possibly revised, to deal with a further 12.0 m3/hr of air 
entering the gas suction side. However, ClO2 gas recovery would be much improved by the 
introduction of extra air from a dedicated source and in turn, sodium chlorite production would 
also be greatly enhanced. 
It is recommended that the future design of the pilot process should incorporate a Vyon tubular 
diffuser which should be connected to the inlet air flanges of the drain reservoir vessel. This, 
along with the significantly larger air flowrate above, would allow for a much more equal 
distribution of air throughout the vessel, leading to a much more effective air sparging and 
removal of ClO2 gas from solution. As part of this work, cost and time constraints did not allow 
for the purchase of a Vyon membrane to test this theory but if incorporated it should allow 
maximisation of sodium chlorite production as well as resulting in a much leaner concentration 
of ClO2 solution leaving the drain reservoir vessel, thus making the treatment and disposal of 
the waste simpler and safer. 
6.4 Process Scale Up 
The eventual objective, following successful operation and commissioning of the pilot plant 
was to develop a plant capable of producing 31% w/w sodium chlorite at a rate of 1,000 metric 
tonnes per annum. Both plants will be similar as they both possess ClO2 reaction/generation 
sections and mass transfer technology utilising NaOH and H2O2 to absorb the ClO2 gas into 
solution, to produce sodium chlorite. However, with the larger scale plant, there are several 
process modifications compared to the pilot plant that need to be incorporated into the design. 
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These include the methods of ClO2 generation and the methods by which some precursor 
chemicals are produced. A PFD of the large-scale plant is shown below. 
 
Figure 45 - Scaled Up Process PFD 
In the above, ClO2 is produced by the reaction of NaClO3 and HCl within a reactor vessel, 
along with by-product NaCl, water and gaseous Cl2. The balanced equation for the reaction is 
shown below: 
2𝑁𝑎𝐶𝑙𝑂3 + 4.8𝐻𝐶𝑙 → 2𝑁𝑎𝐶𝑙 + 1.8𝐶𝑙𝑂2 + 2.4 𝐻2𝑂 + 1.5𝐶𝑙2   Equation 6.1 
The gaseous products, ClO2 and Cl2, are removed from the reactor by an eductor which reduces 
the reactor operating pressure to around 0.5 bara. The ClO2 and chlorine gases are then 
separated in a stripper column. The ClO2 is readily absorbed in chilled, dilute HCl, whereas the 
chlorine gas leaves the top of the scrubber in the gaseous phase. The Cl2 is then recycled to the 
HCl production stage where it is reacted with H2 from the sodium chlorate production stage to 
produce HCl for ClO2 production. The ClO2 solution then proceeds to the sodium chlorite 
production section. Here, the ClO2 is reacted with NaOH and H2O2 to produce NaClO2, which 
is the same chemistry used in the absorber loop stage of the pilot plant, according to the earlier 
equation: 
𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝐻2𝑂2(𝑎𝑞) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(𝑎𝑞) +
1
2
𝑂2(𝑔) + 𝐻2𝑂(𝑙) Equation 4.1 
This section of the process is the same as the absorber loop section of the pilot plant, 
highlighting the importance of the process described in this report. The produced sodium 
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chlorite can then be used in commercial ClO2 plants across the UK and the rest of the world. 
As shown by Equation 6.1, the waste liquid is a brine, containing low levels of ClO2, once 
sparged correctly. The waste liquid also contains sodium chlorate and HCl and this liquid is 
recycled to an electrolytic cell in the larger plant. In this cell, NaCl is electrolysed under certain 
operating conditions, to produce NaClO3 and H2, as per equation 6.2: 
2𝑁𝑎𝐶𝑙(𝑎𝑞) + 6𝐻2𝑂(𝑙) + 𝐸𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 → 2𝑁𝑎𝐶𝑙𝑂3(𝑎𝑞) + 6𝐻2(𝑔)  Equation 6.2 
The sodium chlorate produced by this reaction, along with unreacted chlorate and HCl, 
progresses into the ClO2 production process. This means that an integrated process is possible 
with no fresh sodium chlorate precursor required. Therefore, the only precursor to the process 
is HCl, which is produced in a burner according to the following Equation 6.3: 
2.4𝐻2(𝑔) + 2.4𝐶𝑙2(𝑔) → 4.8𝐻𝐶𝑙(𝑔)      Equation 6.3 
This produced HCl is generated from collected by-products from the integrated process. This 
produced HCl is fed in conjunction with a make-up or secondary HCl stream sourced 
externally. The other feedstocks, sodium hydroxide and hydrogen peroxide, can be supplied at 
various concentrations and are freely available on the open market. 
The work carried out in the pilot plant was significant in verifying the process concept of 
producing sodium chlorite solution from ClO2 gas produced by novel “gas-lift” mass transfer 
technology. In any future work, the reactor and eductor system will require testing with the 
integrated sodium chlorate-HCl reaction technology proposed above and a full design of the 
required electrolytic plant to achieve this will need to be carried out. The pilot plant design 
considered in this work was of great importance as a design basis for the final proposed 
integrated plant, thus allowing the key process concepts of the integrated process to explored, 
designed, tested and ultimately optimised. 
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6.5 Final Design Recommendations 
This report has considered the design, optimisation and installation of a process capable of 
producing 1000 tonnes per annum of 31% w/w sodium chlorite solution. Based on the process 
design described earlier, the pilot plant was manufactured for use in manual operation only and 
any automated control systems are out with the scope of this work. After water and pressure 
testing of all process pipework, the process optimisation stage began. Experiment one revealed 
a significant issue with the original mass balance as the actual production rate of sodium 
chlorite was far less than expected due to a low conversion of sulphuric acid within the reactor. 
The mass balance was recalculated for experiment two, which then saw an increase in sodium 
chlorite production, but highly significant levels of sodium chlorate were produced, which is 
an undesirable by-product. This was due to a high excess of NaOH dosed to the absorber loop. 
This excess NaOH was removed in experiment three and results were very encouraging in 
terms of the sodium chlorite concentrations produced together with zero chlorate production. 
However, the test had to be curtailed due to an explosion caused by a spontaneous 
decomposition of ClO2 gas within the reactor, prompting a thorough process design review. 
It is important in any future work to eliminate any potential for further spontaneous 
decompositions of ClO2 gas within the process, particularly the reactor and eductor system. 
Therefore, it is this report’s recommendation that the gas-return line through which sparged 
ClO2 is returned to the reactor/eductor system from the drain reservoir vessel is removed. 
Instead, the sparged ClO2 gas could be extracted from the drain reservoir vessel by a secondary 
eductor loop. The main reactive species within this recirculating eductor would be a sodium 
thiosulphate solution which will act to neutralise the ClO2. This arrangement would remove 
the possibility of waste liquid being siphoned through the gas return line and into the eductor, 
thus ensuring that sudden losses of vacuum pressure and consequent ClO2 explosive 
decomposition events do not occur. 
It is also recommended that the swan-neck section of the reactor is redesigned to prevent any 
pockets of ClO2 gas accumulating in dead zones around 90-degree elbows and the void 
immediately below the bursting disc on top of the reactor. It is unknown if the presence of these 
so-called dead zones resulted in the spontaneous decomposition of ClO2 gas but is 
recommended that the reactor is designed as a precautionary measure. Further work could 
involve CFD modelling of the reactor, eductor and associated pipework to simulate and 
understand the fluid dynamics within the system, particularly when the eductor is functional 
  
 160 
and creating a vacuum pressure within the reactor and connecting pipework systems. This 
would allow any dead zones to be identified and removed from the design. 
Another recommendation is that the plinth upon which the drain reservoir gear pump is 
mounted onto is lowered. Due to a construction error, the suction line has a 500mm difference 
between outlet from the vessel to the pump inlet. Although the pump had specified to pump 
against negative pressure, it is thought that the combination of height difference combined with 
the vacuum pull by the eductor resulted in the pump being able to discharge liquid at some 
point during experiment three. This caused the drain reservoir to fill to capacity which in turn 
increased the amount of liquid being siphoned through the gas return line and led ultimately to 
the ClO2 gas decomposition. Lowering this pump plinth (or pump position) should allow this 
pump to operate as per design.  
A key process unit is the drain reservoir vessel where waste liquid from the reactor is sparged 
with inlet air, drawn into the vessel by the vacuum produced by the eductor which acts to reduce 
the dissolved concentration of ClO2 gas. During all experiments, air was distributed through 
the drain reservoir vessel through a length of PVC hose with holes pierced along its length. 
This was a rudimentary method and did not provide suitable levels of degassing within the 
vessel. It is a further design recommendation of this report that the current air sparging 
mechanism is replaced with a Vyon tubular diffuser, described earlier, in any future process 
design. This, in conjunction with an industrial air blower, will greatly reduce the dissolved 
concentrations of ClO2 gas within the waste stream (to less than 100 mg/l is expected). This 
will make the final waste stream easier to neutralise and dispose of. It should also be noted that 
the eductor will need to be sized for the extra air throughput so that ClO2 is not lost in the carry 
over to the absorber loop, which would have a deleterious effect on sodium chlorite production. 
During the experimental work, the process was optimised by removing excess NaOH being 
dosed to the absorber loop during operation. This was to prevent any excess chlorate ions from 
forming. The reaction between ClO2, hydrogen peroxide and sodium hydroxide favours basic 
conditions but the presence of excess NaOH can lead to unfavourable reaction between NaOH 
and ClO2 leading to production of excess chlorate. Removing this excess produced zero 
chlorate in experiment three, so it is the recommendation of this report that the stochiometric 
value of NaOH is used in future work. 
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One further development area in future work will involve optimising the sodium chlorite 
production rate. The volumetric flowrates of all precursors – sodium chlorate, hydrogen 
peroxide and sulphuric acid – to produce 1 kg/hr of ClO2 are all known. However, a percentage 
of ClO2 gas remains in solution within the reactor and the actual conversion rate of ClO2 gas 
to sodium chlorite is currently unknown within the absorber loop. A value of 90% was assumed 
for the mass balance and subsequent calculations. Further experimental work will be required 
to establish the precise precursor flowrates to generate sufficient ClO2 gas to produce 1000 
tonnes per annum of 31% w/w sodium chlorite solution. However, the optimisation that has 
been explored within this work will greatly aid this process. 
In addition, with all future work, the ion chromatography machine used for all chlorite and 
chlorate analysis will need to be reviewed with the manufacturer to ensure that the system is 
working accurately and providing meaningful results. Some of the results obtained in this 
experimental work were questionable and had to be disregarded.  
The pilot plant was designed and manufactured to operate under manual control with several 
operators from the design team staged at various points throughout the plant with differing 
operational responsibilities. In any future work, an automated control system will be required 
and so a PLC system will need to be developed and installed as well as a full suite of process 
instrumentation according to revised P&ID and HAZOP study. In terms of mechanical work 
required, fixed pipework will be required for the chemical (precursor) storage vessels and the 
waste treatment section. Experimental work will also need to be carried out to establish the 
newly designed process is able to operate safely and efficiently whilst at the same time being 
automatically controlled via PLC. 
By the end of this project, the above recommendations were being implemented within the 
current process and once implemented, the process will require further testing and experimental 
work to ensure process functionality and safety as well as the commercial objective of 1000 
(and subsequently 3000) tonnes per annum of 31% w/w sodium chlorite solution can be 
achieved.  
Future work involves scaling the 1000 tonnes per annum process up to 3000 tonnes per annum. 
This will involve the design of a new “integrated” ClO2 and chlorite production process which 
will require only HCl as a precursor chemical. However, new aspects of this process will 
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require the design of an electrolytic cell capable of producing sodium chlorate from NaCl (or 
brine). However, the work carried out already in design and optimisation will greatly aid this 
future work allowing further key concepts to be investigated and process developments to be 
made. 
6.6 References 
[1] Concise International Chemical Assessment Document (CICAD) 37, ClO2 (Gas), The 
World Health Organisation, (2002), link: 
http://apps.who.int/iris/bitstream/handle/10665/42421/a73566.pdf;jsessionid=6F88238BB89
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Chapter 7: Conclusion 
This report has considered the design, manufacture and optimisation of a pilot plant to produce 
1000 tonnes per annum of 31% w/w sodium chlorite solution. The process design was 
completed and then all major process units were installed and operated under test conditions 
by manual operation. Experimental trials were carried out and process settings were optimised 
based on these findings to increase the production rate of sodium chlorite and to prevent the 
production of sodium chlorate, an undesired by-product. 
During the third experiment, a loss of vacuum inside the reactor led to an explosion caused by 
the spontaneous decomposition of ClO2 gas. An emergency shutdown protocol was initiated 
and no damage was found to have occurred to the process equipment. However, this incident 
prompted an immediate process design review which led to the subsequent re-design of some 
elements of the process. Further improvements were also suggested as part of the design review 
such as the incorporation of more effective air sparing of the waste liquid to maximise the ClO2 
gas reclaimed into the absorber loop, which in turn would maximise the sodium chlorite 
production rate. Due to time constraints, these improvements were not implemented into the 
process but when complete the pilot plant should be capable of producing 1000 tonnes per 
annum of 31% w/w sodium chlorite solution. The completion of this plant was the fore-bearer 
to the design of a process capable of producing 36,000 tonnes per annum of 31% w/w sodium 
chlorite solution.  
It is anticipated that the establishment of such a plant would allow market penetration for those 
companies currently using 31% w/w sodium chlorite solution within existing ClO2 generators, 
particularly in the Middle East. 
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Appendix A HAZOP 
Figure 46 shows the risk matrix that was applied to evaluate the likelihood and consequence of 
the risks generated by process hazards: 
  
Figure 46 - HAZOP Risk Matrix 
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The HAZOP study also considered the following process parameters and deviations shown in 
Table 22: 
Process Parameter Deviation 
Flow • Higher 
• Lower 
• None  
• Reverse 
Pressure • Higher 
• Lower 
• None  
Temperature • Higher 
• Lower 
Level • Higher 
• Lower 
• None  
Concentration • Higher 
• Lower 
• None  
Table 22 - HAZOP Process Parameters and Deviations 
 
The following process design recommendations were made regarding the pilot process after 
the HAZOP meeting (with reference to P&IDs shown in Appendix B): 
1) Consider level switches on IBCs. 
2) Consider using 45° elbows on pipes instead of 90° ones, when possible. 
3) Met with chemical supplier to determine the best way of ensuring sodium hydroxide- 
he recommended using trace heating instead of the already built immersion heater.  
4) Consider lagging of pipe on all lines containing sodium hydroxide. 
5) Consider installing flow indicators/transmitters to chemical delivery lines. 
6) Consider temperature monitoring in building to avoid thermal degradation of hydrogen 
peroxide. 
7) Consider speaking with chemists to quantify what temperature thermal degradation of 
hydrogen peroxide takes place at.  
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8) Consider installing anti-siphoning valves on all chemical delivery lines.  
9) Consider degassing valves on peroxide delivery line.  
10) Consider operating dosing pumps in anti-cavitation mode. 
11) Consider critically reviewing placement/number of drain valves throughout the process 
in light of operating philosophy and general arrangement; minimise drain valves where 
possible.  
12) Consider redrawing the water flush line on P&IDs and do a HAZOP review of this area 
of the process. 
13) Consider a secondary water tank for the shower(s).  
14) Consider replacing contents of R-TK-302 with neutraliser.  
15) Consider if a pressure relief valve is required after R-P-302.  
16) Consider implementing a vacuum pressure transmitter on the drain reservoir. 
17) Consider diaphragm valves on air inlet/ the air sparging process in general.  
18) Consider the valve locking procedure of the process.  
19) Consider ensuring tank R-TK-302 is clear for greater operator simplicity.  
20) Consider re-routing R-TK-302 to the recirculation scrubber.  
21) Consider a y-strainer in the emergency absorber loop line.  
22) Consider actuated valve on line to the emergency absorber. 
23) Consider connecting Zulu unit to emergency absorber, and adding actuated valve on 
this line.  
24) Consider changing the peroxide inlet line to R-TK-300 to an overflow line, and 
injecting the peroxide into the suction side of R-P-300.  
25) Consider adding non-return valve to absorber tank inlet to prevent overflow in inlet 
line.  
26) Consider checking the labelling of R-V-31.  
27) Consider low level switch for absorber vessel R-TK-300.  
28) Consider y-strainer in absorber line.  
29) Consider checking the absorber material integrity over time.  
30) Ensure that the eductor operation is understood by all.  
31) Consider an experimental procedure to investigate the effect of temperature on the 
decomposition of hydrogen peroxide.  
32) Consider temperature transmitters in the absorber loop.  
33) Consider a sight glass on the absorber loop line.  
34) Consider a flow transmitter on all dosing lines, predominantly on the water inlet line.  
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35) Consider a non-return valve on the chlorite delivery line.  
36) Consider checking the pump specifications- if spec’d incorrectly, incorporate 
diaphragm valve into chlorite delivery line.  
37) Consider adding arrows to all lines on P&IDs.  
38) Consider numbering of all P&ID streams.  
39) Consider thorough testing of the infrared level transmitter on the Zulu reactor.  
40) Consider a level switch on the Zulu reactor.  
41) Consider the sizing of the pipe from the Zulu reactor to the drain reservoir, and ensure 
it is sufficient to cope with the water flush.  
42) Consider ensuring that the emergency absorber loop is directly connected to the reactor.  
43) Consider directing the drain line to the drain reservoir.  
44) Consider adding non-return valve to the line from the drain reservoir to treatment.  
45) Consider U-shaped sight glass on drain reservoir sample valves V-318, V-319, V-320.  
46) Consider showing on P&ID that the source of all process water is SS-TK-205.  
47) Consider safety shower provision throughout the site.  
48) Consider removing CH-P-200.  
49) Consider showing a small bund below the IBC filling.  
50) Consider a flow transmitter on the chlorite delivery line.  
51) Show intermediate sump before treatment vessel OD-TK-600 on the P&ID. 
52) Show manual valve coming off the waste treatment line.  
53) Show bund around TK-600.  
54) Show ORP monitor on TK-600.  
55) Show inlet line to TK-600 from drain reservoir.  
56) Consider deleting all valves on the hydroxide and acid dosing lines to treatment. 
57) Show all surface water drains flooding into TK-600.  
58) Consider adding a ball valve before the motorised valve on all feed delivery lines.  
59) Consider sulphuric acid boiling point and the implications of storing this outside.  
60) Consider whether sulphuric acid vent line is necessary.  
61) Show manual water valve on recirculation scrubber OD-S-600.  
62) Show manual drain valve on OD-S-600.  
63) Consider level transmitter/switch on sump.  
64) Consider operational procedure to ensure the outlet of OD-S-600 is clear.  
65) Consider thermostatic control of hydroxide storage vessel for treatment. 
66) Consider how and when caustic is to be added to the scrubber.  
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Appendix B P&IDs 
The process P&IDs are split across 5 sheets: 
1) Unloading and Filling Room 
2) Reactor Room 
3) Reactor Room Generator Area (contains 3A, “Zulu Reactor”) 
4) Outdoor Area 
In the unloading and filling P&ID, bunkering pumps SH-P-100, HP-P-100 and SC-P-100 
transfer the chemical precursor feeds required by the (“Zulu”) ClO2 reactor. In additional 
dosing pumps SH-P-101 and HP-P-101 dose NaOH and H2O2 into the recirculating absorber 
loop. In the reactor room P&ID, the sodium chlorite storage tanks CH-TK-200 A/B/C/D are 
shown as well as the safety shower system. 
In the reactor room generator area P&ID, the absorber loop is shown (with absorber vessel R-
TK-300 and recirculation pump R-P-300), the drain reservoir vessel (R-TK-301) and waste 
liquid gear pump (R-P-303). Sodium chlorite bunkering pump R-P-301 and the water dosing 
pump to the absorber loop R-P-303 are also shown. The emergency eductor loop is also present 
containing eductor R-E-300, emergency pump R-P-302 and neutralising vessel R-TK-302. In 
the event of a loss of containment or another emergency, the emergency loop is started. The 
3A, “Zulu Reactor” P&ID shows the reactor (Z-R-300). Sulphuric acid, hydrogen peroxide and 
sodium chlorate are dosed to the reactor by dosing pumps Z-P-350, Z-P-351 and Z-P-352 
respectively. The inner and outer reactor flush valves (Z-SV-368 and Z-V-369) are shown; as 
is water flush valve Z-SV-378. The eductor, Z-E-300 is mounted close to the reactor and is 
displayed alongside the bursting disc Z-V-377 and vacuum gauge Z-PX-355. 
The outdoor area P&ID shows the sulphuric acid storage tank, which was mounted externally 
to minimise the potential of forming ClO2 outside of the reactor in the case that sodium chlorate 
and sulphuric acid solutions were spilt or otherwise mixed within the confines of the process 
building. The sump vessel where the waste liquid from the drain reservoir vessel is shown. 
Within this vessel, the liquid is neutralised with NaOH and sulphuric acid, as is the contents of 
the final waste treatment vessel CD-TK-600. The recirculating fume scrubber CD-S-600 is 
where any ClO2 fumes escaping from the absorber loop vessel vent are dissolved in clean water. 
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Recirculating water is provided by pump RS-P-600. Both CD-TK-600 and CD-S600 have 
sensors CD-PH-600 and RS-A-600 ensuring that all outlet streams from these vessels can be 
safety discharged to foul drain under the currently held SEPA licences for the site. 
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Appendix C Material Balances 
The following is the material balance to produce 45 kg/hr ClO2 gas from the combined 
stripper/absorber reactor unit proposed in Chapter 4: 
45 kg/hr Production Rate 
ClO2 Reactor 
a) Reactant Streams 
Using a gram formula mass (GFM) for ClO2 of 67.5 g/mol (or kg/kmol), the molar flowrate of 
ClO2 gas, nClO2, is derived as follows, using the mass flowrate, mClO2: 
𝑛𝐶𝑙𝑂2 =
𝑚𝐶𝑙𝑂2
𝐺𝐹𝑀
=
30
67.5
= 0.67
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of sodium chlorate (NaClO3) in Equation 4.1 is equal to that 
of ClO2, the molar flowrate required of this species is also 0.67 kmol/hr. However, as it is 
assumed only 95% of the sodium chlorate reacts then the true (actual) molar flowrate of sodium 
chlorate, nNaClO3, is as follows: 
𝑛𝑁𝑎𝐶𝑙𝑂3 =
0.67
0.95
= 0.70
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of hydrogen peroxide in Equation 4.1. is 0.5 and the efficiency 
of this species is also assumed to be 95%, the actual molar flowrate of hydrogen peroxide, 
nH2O2: 
𝑛𝐻2𝑂2 = [
0.5 × 0.67
0.95
] = 0.35
𝑘𝑚𝑜𝑙
ℎ𝑟
 
 
As the stoichiometric coefficient of sulphuric acid in Equation 4.1. is also 0.5 and the efficiency 
of this species is assumed to be 19%, the actual molar flowrate of sulphuric acid, nH2SO4: 
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𝑛𝐻2𝑆𝑂4 = [
0.5 × 0.67
0.19
] = 1.75
𝑘𝑚𝑜𝑙
ℎ𝑟
 
b) Product Streams 
The ClO2 design rate is known 45 kg/hr – nClO2 = 0.67 kmol/hour 
As the stoichiometric coefficient of oxygen gas in Equation 4.1 is 0.5, the actual molar flowrate 
of oxygen, nO2: 
𝑛𝑂2 = 0.5 × 0.67 = 0.33
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of sodium sulphate in Equation 4.1 is also 0.5, the actual 
molar flowrate of sodium sulphate, nNa2SO4: 
𝑛Na2SO4 = 0.5 × 0.67 = 0.33
𝑘𝑚𝑜𝑙
ℎ𝑟
 
As the stoichiometric coefficient of water in Equation 4.1 is 1, the actual molar flowrate of 
water, nH2O: 
𝑛H2O = 1 × 0.67 = 0.67
𝑘𝑚𝑜𝑙
ℎ𝑟
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Using the formula gram formula mass and density table for each species, the molar flowrates 
defined above, the mass flowrate of each species in and out the reactor can be calculated, 
together with the volumetric flowrate for precursors, based on the species’ available 
commercial aqueous concentration: 
 
GFM 
(kg/kmol) 
Density 
(kg/m3) 
 
Mass 
flowrate, 
100% 
w/w 
(kg/hr) 
 
Concentration 
(% w/w) 
Volumetric 
flowrate 
(l/hr) 
Na2SO4 142.00 - 47.33 100 - 
H2SO4 98.00 1840 171.93 77 223.29 
NaClO3 106.50 1320 74.74 40 186.84 
NaClO2 90.50 1200 - 31 - 
ClO2 67.50 3 45.00 100 - 
H2O2 34.00 1197 11.93 50 23.86 
NaOH 40.00 1525 - 50 - 
O2 32.00 - 10.67 100 - 
H2O 
(produced) 18.00 1000 
12.00 100 - 
Table 23 - 45 kg/hr Flowrates 
The values highlighted above in green were intended to be used as the dosing pump settings 
for the ClO2 reactor during the experimental runs using a 45 kg/hr design basis for ClO2 gas. 
c) Water Balance 
Given the aqueous nature of the precursors, a water balance must be considered to check the 
overall material balance validity. Using Table 23 and as 77% w/w H2SO4, 40% w/w NaClO3 
and 50% w/w H2O2 are dosed to the reactor, the mass flowrate of water dosed to the reactor, 
mH2Odosed, can be determined: 
𝑚𝐻2𝑂𝑑𝑜𝑠𝑒𝑑 = [0.23 × [
171.93
0.77
]] + [0.5 × [
11.93
0.5
]] + [0.6 ×
74.74
0.4
] =  175.39
𝑘𝑔
ℎ𝑟
 
Therefore, a check can be performed on a mass basis for this calculation using the information 
above and Table 23: 
  
 178 
Mass IN 
Species Mass Flowrate (100% w/w) kg/hr 
NaClO3 74.74 
H2O2 11.93 
H2SO4 171.93 
H2O 175.39 
TOTAL 433.99 
Mass OUT 
Species Mass Flowrate (100% w/w) kg/hr 
ClO2 45.00 
O2 10.67 
Na2SO4 47.33 
H2O (dosed + generated) 187.39 
NaClO3 3.74 
H2O2 0.60 
H2SO4 139.26 
TOTAL 433.99 
Table 24 Mass Balance Check 
Absorber Loop 
ClO2 reacts with sodium hydroxide and hydrogen peroxide to produce sodium chlorite as 
shown in Equation 4.2: 
𝐶𝑙𝑂2(aq) +
1
2
𝐻2𝑂2(aq) + 𝑁𝑎𝑂𝐻(𝑎𝑞) → 𝑁𝑎𝐶𝑙𝑂2(aq) +
1
2
𝑂2(g) + 𝐻2𝑂(𝑙) Equation 4.2 
a) Reactant Streams 
In equation 4.2, the ClO2 molar flowrate, nClO2, into the absorber loop, assuming 95% mass 
transfer from reactor to absorber loop (i.e. 5% w/w lost in the drain reservoir system/waste 
treatment): 
𝑛𝐶𝑙𝑂2 = 0.95 × 0.67 = 0.63 
𝑘𝑚𝑜𝑙
ℎ𝑟
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The H2O2 molar flowrate requirement, as the stoichiometric coefficient for hydrogen peroxide 
in equation 4.2 is 0.5: 
𝑛𝐻2𝑂2 = 0.32 
𝑘𝑚𝑜𝑙
ℎ𝑟
 
The reaction efficiency is assumed to be effectively 100%. 
The NaOH molar flowrate requirement, as the stoichiometric coefficient for NaOH in equation 
4.2 is 1: 
𝑛𝑁𝑎𝑂𝐻 = 0.63 
𝑘𝑚𝑜𝑙
ℎ𝑟
 
Again, the reaction efficiency is assumed to be effectively 100%. 
b) Product Streams 
The most important product of equation 4.2 is sodium chlorite. It was found that by feeding 
NaOH in excess to this reaction, chlorate is undesirably formed from reaction with ClO2 gas, 
due to an excessively high pH. Therefore, in latter experimental work, the NaOH was fed to 
the absorber loop in the correct stoichiometric ratio as per the above calculation. No chlorate 
was found following this experimental change. 
The molar flowrate of produced sodium chlorite, nNaClO2, is equal to that of ClO2, 0.63 kmol/hr 
– the stoichiometric coefficient is 1. 
Water and oxygen are also formed as by-products in this reaction, with stoichiometric 
coefficients of 1 and 0.5 respectively – therefore, their molar flowrates are 0.63 kmol/hr and 
0.32 kmol/hr respectively. 
c) Water Balance 
Given the aqueous nature of the precursors (excluding ClO2 gas), a water balance must be 
considered to check the overall material balance validity. Using Table 23 and as 50% w/w 
NaOH and 50% H2O2 are dosed to the absorber loop, the mass flowrate of water dosed to the 
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absorber loop, mH2Odosed, can be determined and must be considered to ensure the material 
balance calculations function correctly: 
𝑚𝐻2𝑂𝑑𝑜𝑠𝑒𝑑 = [0.5 × [
10.77
0.5
]] + [0.5 × [
25.33
0.5
]] =  36.10
𝑘𝑔
ℎ𝑟
 
Therefore, a check can be performed on a mass basis for this calculation using the information 
above and Table 23: 
Mass IN 
Species Mass Flowrate (100% w/w) kg/hr 
ClO2 45.00 
H2O2 10.77 
NaOH 25.33 
H2O 36.10 
TOTAL 117.20 
Mass OUT 
Species Mass Flowrate (100% w/w) kg/hr 
NaClO2 57.32 
ClO2 2.25 
O2 10.13 
H2O  
(dosed + generated) 47.50 
H2O2  
(100% efficiency assumed) 0 
NaOH 
(100% efficiency assumed) 0 
TOTAL 117.20 
Table 25 Mass Balance Check 
 
